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Abstract 
The acoustic microscope is an efficient non-invasive tool that can explore the acoustic properties 
and the related mechanical microstructure of a wide diversity of materials, including biomedical and 
biological samples, which are, nowadays, among the most intriguing targets for investigations. In the 
presented work, an acoustic microscope with vector contrast is used to image and characterize the 
acousto-mechanical properties of chitosan, an abundant natural derivative of chitin known to be a 
biodegradable, nontoxic and versatile biopolymer that suits many biomedical applications such as its 
usage in tissue engineering. The work also presents key measurements for the study of the acousto-
mechanical properties that are subject to variations during the life span of red blood cells (RBCs). The 
characteristic signature of fixed cells from groups of three different ages, fractionated according to 
mass density, is obtained from the acoustic microscope images. The analysis of these data enabled the 
quantitative comparisons between the acousto-mechanical properties (velocity and attenuation of 
ultrasound propagating in the cells, mass density, and bulk modulus of compression). Comparison of 
the contrasts in the acoustic micrographs for the cells of the different age groups is exploited to 
generate a model that determines the age of the individual cells in a sample of red blood cells collected 
from a healthy person. The dependence of the parameters of the cells including density, velocity and 
attenuation of longitudinal polarized ultrasonic waves travelling in the cells on the age of the cell is 
also presented. The output signal in dependence on the thickness of the sample, the so called V(d), 
represented as polar graph was exploited as the method of analysis of the data extracted from the 
acoustic micrographs imaged with ultrasound of a center frequency of 1.2 GHz. This procedure allows 
for the extraction of the quantitative information from a single image in magnitude and phase contrast 
and allows for height profiling with so called super resolution, relating to resolution below the 
diffraction limit, based on the developed modeling, beside of other advantages concerning the acoustic 
characterization of biomedical and biological samples. This method and the applications are presented 
and discussed together with the developed or adapted modeling. 
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1. Introduction 
1.1 Microscopy 
A variety of microscopes are available, extending from the basic optical, electron and 
scanning probe microscopes, to involve various modified forms allowing the visualization of 
details in microscopic, nanoscopic and down to molecular and atomic scales. The 
conventional optical microscope is the oldest of this collection. Other forms of optical 
microscopy, including confocal laser scanning microscopy [1], infrared and Raman 
spectroscopic imaging [2], dark field illumination, phase contrast, differential interference 
contrast and modulation contrast microscopy [3] have been developed. The dedicated efforts 
that have continually been devoted in order to break the limits in resolution imposed by 
diffraction resulted in enriching with a number of super resolution techniques. S. Hell 
provides [4] a detailed review covering optical imaging techniques with resolution beyond the 
diffraction limit. The electron microscope utilizes electron beams to deliver images with sub-
nanometer resolution and can be operated in different modes [5] [6]. Scanning probe 
microscopes (SPM) are based on measuring specific interaction between a scanning probe 
with a tip and the surface of the examined object enabling the imaging of the surface with sub-
nanometer resolution, and elucidating different properties of that surface. J. Loos reviewed the 
basic SPM techniques [7] and some of their modifications, including the so called near field 
scanning microscopes (NSOM or SNOM) or (optical stethoscopy), where the properties of 
evanescent waves are exploited [8], in addition to a modified class of NSOM involving the 
implementation of spectroscopic contrast mechanisms such as Raman and extinction in the 
infrared regime [9]. 
One other member of this collection is the confocal scanning acoustic microscope which 
is similar, in principle, to the confocal laser scanning microscopy (CLSM) but utilizes acoustic 
waves rather than lasers.  
1.2 Acoustic microscopy 
The idea of utilizing ultrasonic waves to discern the examined samples dates back to 1936 
when S. J. Sokolov proposed that acoustic waves at a frequency of 3 GHz with their 
wavelength of 500 nm in water could be used for an "ultrasonic microscope" [10]. However, 
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the first scanning acoustic microscope (SAM) could only be realized by Lemons and Quate at 
Stanford university [11] in 1973, when scanning technology became available.  
With the term “ultrasonic”, one refers to the set of mechanical vibrations and waves that 
occurs in the frequency regime above the upper frequency of the range of human hearing, 
which is about 20 kHz [12]. Practical frequencies of acoustic microscopy range from several 
mega-Hertz to several giga-Hertz [13].  
In acoustic microscopy, a focusing transducer (acoustic lens), focuses ultrasound that 
propagates in a coupling medium to the sample and is reflected when it encounters an 
interface with different acoustic impedance. For normal incidence the impedance is 
determined by the product of the mechanical density and the velocity of propagation of 
ultrasound in the imaged object [14]. The detected signals carries information on the acousto-
mechanical properties of the medium [15], which include the velocity and attenuation of 
acoustic waves in the examined material, the density, and the topography of that material. 
These properties depend on the microstructure of the material. The velocity of propagation of 
acoustic waves is influenced by the density and the elastic properties [16], which is, in case of 
acoustic waves with longitudinal polarization, the uniform compression modulus (with no 
lateral deformation). The attenuation or “extinction” relates to dissipative effects usually 
dominated by viscous losses and is furthermore in practical applications often dominated by 
Rayleigh scattering. These properties are the main sources of contrast of the acoustic 
micrographs [15], [17], [18].  
The frequency of the ultrasound and its velocity of propagation determine the wavelength 
of the ultrasound in the medium, [13] which, beside other factors including the choice of the 
coupling fluid, determine the obtainable resolution and quality of the images. Images with a 
resolution of about 15 nm have been reported by using superfluid Helium as a coupling fluid 
(in which acoustic waves propagate with a rather slow velocity and respectively short 
wavelength) at respectively high frequencies [19]. An ultimate resolution down to about 1 nm 
was achieved by Günther et al., with acoustic near field microscopy (acoustic stethoscopy) 
[20] and by tunneling microscopy of acoustic waves, a resolution down to atomic scales was 
achieved [21].  
An imperative property that makes acoustic microscopy a valuable microscopic technique 
is that acoustic waves can penetrate the interior of materials that are opaque to the 
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electromagnetic waves in the visible range allowing nondestructive examination of subsurface 
structures and the determination of the elastic properties. This capability has given the 
technique applicability in industry and in biomedical fields [22], [23]. Being non-ionizing, 
ultrasonic radiation gains an additional advantage as a radiation suitable for investigating 
biological cells and tissues allowing long time in vitro [24] and in vivo [25] imaging. The 
nonionizing nature of acoustic radiation stems, from the low quantum energy of the 
elementary acoustic excitations, the phonons, as compared to the counterpart, the photon, of 
an ionizing electromagnetic radiation.  
1.3 Acoustic microscopy of biomaterials and biological cells 
Biomaterials, the materials (synthetic and natural) that are used in contact with biological 
systems encompass a multidisciplinary field that links medicine, biology, chemistry, and 
materials science [26]. Investigations of biomaterials with acoustic microscopy can lead to a 
better understanding of their microstructure and to substantially contribute in widening their 
applications [27] or can lead to better understanding of the functions ought to be performed by 
them. The acoustic properties of collagen, for instance, have been studied with acoustic 
microscopy, in relation to the effect of collagen on the mechanical properties of the containing 
tissues. A review of such studies are provided by R. Maev [28]. Meunier et al. [29] used the 
acoustic microscope to determine the inhomogeneities in surface acoustic properties of 
mineralized tissues and implant materials. Acoustic microscopy was also employed in 
combination with other techniques to examine the relation between structure, composition and 
elastic features of individual lamellae in secondary osteon [30]. Tanaka et al. [31] used the 
scanning acoustic microscope to evaluate polymer scaffolds and tissue-engineered cartilage by 
comparing velocities and attenuation of sound to map the localization of the different 
constituents. 
In the current work, an important biomaterial, the biopolymer chitosan is investigated. 
Chitosan is a natural based-polymer obtained by alkaline deacetylation of chitin, the naturally 
abundant mucopolysaccharide, constituting the supporting material of insects and crustaceans, 
particularly shrimp and crabs [32]. Chitosan is known to be a versatile, non-toxic, 
biocompatible and biodegradable biopolymer with wide applications and still promising 
candidate in biomedical and industrial applications [33]. Acoustic microscopic experiments 
and analysis of chitin led to new discoveries in the defense mechanisms in the water flea 
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species of the genus Daphnia [34]. Ngwa et al. then characterized thick films of chitosan [35] 
and estimated the velocity of longitudinal sound with the aid of latex particles. The 
determination of the acoustic properties of chitosan was continued by A. Kamanyi et al. [36]. 
In both cases the dependence of the observed signal from the distance of the surface of the 
object from the focal plane, the so called V(z) function and the reflectivity, were utilized. 
In the presented work, a set of acousto-mechanical properties including the velocity of 
propagation of longitudinal polarized sound and attenuation, the bulk modulus of uniform all 
sided compression with no shear deformation, the density and the thickness chitosan thin films 
layered on a glass substrate are determined with ultra-high resolution.  
The work also extends to the investigation of red blood cells. The investigations of 
biological cells with the acoustic microscope have been an objective since the method has first 
been introduced by Lemons and Quate [11] and continued to attract the interest of researchers 
working in this field ([37] and citations there in). Many approaches have been used to analyze 
the acoustic data of biological cells. For instance, from the analysis of acoustic micrographs in 
magnitude and phase contrast of living cells imaged at different frequencies quantitative 
information about the velocity of propagation and the attenuation of acoustic waves has been 
obtained [38], [39]. Other approaches involve the observation of the waveform of very short 
pulses. The two separate signals reflected from the top and the bottom of the cell are analyzed 
[40]. Quantification of the elastic properties of the cells have also been gained from the 
analysis of the acoustic output signal in dependence of the distance of the focal plane from the 
observed interface, the so called V(z) function [41]. 
Red blood cells (RBCs) were among the biological cells studied by scanning acoustic 
microscopy. Schenk et al. presented a qualitative comparison of red blood cells in different 
conditions, including cells with different hemoglobin content [42]. In this work, the variations 
in the acousto-mechanical properties that take place in red blood cells with ageing are 
investigated, in an objective to contribute to the understanding of the ageing process in these 
cells.  
Matured RBCs can not synthesize proteins and in normal conditions they demise as a 
consequence of a programmed process [43] undergoing senescence, which results in the 
clearance of aged cells [44]. For healthy persons new cells are delivered into the blood stream 
at constant rate so that the total number remains conserved. These properties allow the use of 
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red blood cells as a model for studying ageing mechanisms [45]. The scanning acoustic 
microscopy with vector contrast is exploited to quantify the variations in the acousto-
mechanical properties of three different age groups of red blood cells smeared and fixed on a 
glass substrate. These properties include the velocity and the attenuation of ultrasonic waves 
in the cells, the all-sided uniform compression modulus under zero transversal strain. 
Furthermore, the observed variations in the acoustic contrast with the age of the cell is 
exploited to determine the age of the cells in a sample that contains all ages and to generate an 
image with the age contrast [46].  
The studied samples, chitosan and RBCs, are modeled as fluids and can therefore be 
regarded as homogenous and isotropic concerning properties relevant for the transport of 
acoustic waves. Only longitudinal acoustic waves propagate in them over distances large with 
respect to the wavelength. Transverse polarized acoustic waves, with their transport properties 
related to the rheological properties, have only mean free paths in the vicinity or even 
substantially below their wavelength. An important consequence of isotropy and the, in most 
cases, observed almost linear dispersion (in the frequency regime) used for high resolution 
ultrasonic microscopy (1 to 2 GHz) is that the velocity of acoustic waves does not depend on 
the direction of wave propagation. Consequently, the phase velocity (the velocity relating the 
phase of the wave to the propagated distance in space) and group velocity (velocity with 
which the overall shape of the wave's amplitudes propagates in space) are identical 
(concerning direction and magnitude of the respective vectors).  
The method used to obtain the quantitative information is based on calculating the 
complex response function in dependence on the thickness d of the sample, the so called V(d) 
function, represented as a polar graph to fit the experimental data presented in polar graphs. 
This approach was first demonstrated by Hillmann et al. on a wax droplet [47]. The main 
advantages of this technique are the possibility to obtain the acousto-mechanical properties 
from a single image in magnitude and phase contrast imaged with the focus of the acoustic 
lens adjusted to the interface between the highly reflecting substrate and the sample. Most of 
the quantitative acoustic methods require more than one measurement, whereas the used 
method requires only the in-focus image for the analysis, which is the image with highest 
signal to noise ratio. Furthermore, with the strong signal being reflected from the glass 
substrate underneath the samples, the extinction of ultrasound can be attributed to losses 
experienced for propagation in the sample and the coupling fluid. For the same coupling fluid, 
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the extinction of ultrasound in different samples can be compared. Another advantage of the 
method is that the measurement is performed at a single center frequency, the optimum 
frequency for which the acoustic lens is designed to deliver the optimum signal-to-noise ratio 
respectively the optimum focus of the convergent acoustic beam. 
The technique that is widely used to extract the quantitative information contained in the 
acoustic microscope data is the so called V(z) function. The biopolymer chitosan and 
biological cells are among the samples in which the Rayleigh waves (Surface Acoustic 
Waves, SAW) or Love waves, which contribute to the generation of the V(z) dependence, are 
not stable solutions of the respective wave equations. In addition, attenuation is high in such 
materials at high frequencies and the V(z) function may not have enough oscillations for the 
fast Fourier transform analysis needed to determine the desired characterizing material 
parameters from the observed V(z) function [48]. The technique based on V(d) functions 
utilized in the current work, in contrast, does not require the utilization of surface waves. 
1.4 Overview 
The determination of the acousto-mechanical properties of chitosan and age dependent 
characteristics of red blood cells by confocal scanning acoustic microscopy with vector 
contrast is comprehended in seven chapters. Chapter 2 is a general introduction to acoustic 
microscopy, including the theoretical background and the relation between the information 
obtained directly by the microscope and the microstructure of the sample under study were 
discussed. The modes of operation and the factors that affect the performance of acoustic 
microscopy are also reviewed in this chapter, with a deeper insight into the confocal scanning 
acoustic microscopy with vector contrast, the version of acoustic microscopy utilized in this 
study.  
In chapter 3 a method based on CLSM imaging is outlined for characterizing focusing 
transducers to assure the quality of emission. The focusing transducers employed in the 
current study in imaging and its emission properties are characterized with CLSM as 
discussed in chapter 3. 
The method of analysis used for extracting the quantitative information encoded in the 
acoustic images is first discussed in detail in chapter 4 and then utilized to characterize 
chitosan thin films by quantifying the acousto-mechanical properties and mapping the 
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thickness with sub-Abbe resolution, in chapter 5. The chitosan sample, besides being a target 
itself for investigation for its valuable properties, can also be considered as a simple acoustic 
phantom of real soft objects to demonstrate the performed further adaptation of the earlier 
developed method of analysis. This method is then exploited in chapter 6 to quantify the 
alterations in the acousto-mechanical properties of red blood cells with ageing as obtained.  
Chapter 7 is a short conclusion summarizing the important results and giving some 
outlook for possible further studies and applications. Appendices for further clarification in 
cases where considered to be helpful are attached to the end of the work and related to their 
respective chapters.  
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2. Scanning acoustic microscopy 
2.1 Principle of operation 
Scanning acoustic microscopy (SAM) can be performed either in transmission or in 
reflection. In both modes of operation, the insonification and detection are performed by 
focusing transducers (acoustic lenses). In transmission acoustic microscopy, two identical 
lenses are arranged confocally and the interspace between them is occupied by an acoustic 
coupling medium and the sample under investigation. The high frequency sound emitted by 
one of the lenses is transmitted through the object and then received by the second lens [11]. 
In the reflection mode, however, a single focusing transducer (transceiver) is used for both 
emitting and receiving the acoustic signals. The advantage of this mode of operation is that 
confocal alignment is not needed. Reflection SAM is the mode of operation used for all of the 
experiments carried out in this thesis. The principle of operation in the reflection mode SAM 
is described with reference to figure 2.1.  
 
Figure  2.1: Schematic configuration of the scanning acoustic microscopy in reflection mode. Rays 1, 
2, 3 and 4 are arbitrary rays that resemble the possible paths involved in the imaging process. 
The most important component of the system is the acoustic objective representing a 
focusing transducer often addressed as acoustic lens, which is, in most cases, a sapphire rod 
cut along the crystallographic c axis of the sapphire, [49], [50]. A piezoelectric transducer, 
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usually a thin film of ZnO, is deposited on the rod. The transducer receives a short radio 
frequency (RF) electric signal (typically of 10 to 60 nanoseconds duration if the system is 
designed for operation in the frequency range near 1 GHz) and converts it into an ultrasonic 
wave package. The resulting ultrasonic wave propagates through the rod to the opposite end 
where a concave spherical surface is ground and polished. The lens is in contact with a 
coupling medium to support the propagation of acoustic waves since no analogy in acoustics 
to a vacuum in optics. The coupling medium has to be a fluid to permit scanning. When the 
ultrasonic waves impinge on the concave spherical surface of the lens, strong refraction takes 
place because of the large discrepancy between the velocity of propagation of sound in the 
lens material and the velocity of propagation of sound in the coupling fluid (consider for 
instance sapphire with a velocity of about 11.6 km/s as a lens material and water with about 
1.5 km/s as a coupling fluid). As a result of the refraction, acoustic waves are focused into a 
diffraction-limited point. The rather strong refraction experienced for sapphire lenses and 
water also reduces spherical aberration to a normally negligible level (as will be discussed 
later in details).  
During their propagation, ultrasonic waves are subject to extinction in the coupling fluid 
and at or in the object and they are partially or entirely reflected at interfaces between 
materials of different acoustic impedances (Z) (will be discussed in detail later). The echoes 
that result from reflection in the confocal volume traverse the system in reverse order and are 
converted back into an electrical pulse by the transducer, which acts as a coherent detector 
sensitive to plane parallel waves within the diffraction limit only. This filtering process 
replaces in the confocal scanning acoustic microscopy (SAM) the pinholes employed in 
optical confocal microscopy. Concerning the generation, the transducer emits similar to the 
otherwise involved lasers a diffraction-limited planar beam. 
The concave spherical surface of the lens is coated with a matching layer to assure 
maximum transmission. This matching layer should be quarter-wavelength-thick and should 
have an acoustic impedance related to the acoustic impedances of the lens Zs and that of the 
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coupling fluid Zc as cs zzZ = [51] §. Sputtered borosilicate glass, SiO2 and chalcogenide 
glass are suitable materials for fabricating such matching layers [52].  
In acoustic lenses designed to work in the GHz regime the diameter of the focusing 
surface is small in comparison to the size of the sapphire rod and the active area is defined in 
the center of the transducer by deposition of a small round layer of gold serving as one of the 
two electrodes providing or sensing the electric field in the transducer needed for piezoelectric 
coupling [50]. Pulsed excitations and time gated signal acquisition are both employed to 
separate the undesired reflected signal from the lens surface from the desired reflected signal 
from confocal volume.  
Within the ray approximation, paths relevant for imaging are depicted in figure 2.1. In 
order for the electric signal to be generated by the transducer whose response is linear, the 
incident wave fronts must be parallel to its surface (within the diffraction limit), which means 
that reflected beams must impinge on its surface normal to it. Otherwise signals from different 
areas of the transducers will interfere and the output signal will suffer from reduction by 
destructive interference. Rays 1 and 3 in figure 2.1, after interaction with the sample 
positioned in the focal plane travel back as rays 4 and 3 respectively, impinging on the 
transducer at normal angle and thus contribute with constructive interference to the output 
signal. Rays scattered in the plane in front and behind of the focal plane, will impinge on the 
receiving transducer under angles different than normal, thus the signal related to such points 
will be reduced by destructive interference with respect to the ones coming from scattering 
points positioned in the confocal volume.  
In solid samples, one has to take into account a possibility of exciting surface waves. To 
demonstrate that effect, let us assume that the acoustic ray 1 is incident on the sample at the 
so-called Rayleigh angle. At this angle Rayleigh waves, representing guided acoustic waves 
travelling on interfaces, are excited, which propagate along the surface. Their intensity 
diminishes exponentially towards the volume of the sample. Energy from these surface waves 
is continually reradiated, or “leaked” into the coupling fluid at the same angle. Therefore, 
                                           
 
§
 See “Appendix 2.1”. 
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these waves, if travelling on a liquid-solid interface, are often termed a “leaky” Rayleigh 
waves. One of these leaky rays, ray 2, is shown returning to the lens, where it is refracted on 
entry and either misses the transducer entirely or strikes at an angle, thereby giving no or very 
little contribution to the signal amplitude. These waves can, however, be detected by 
appropriate defocusing [53] 
In order to form an image, either the lens or the sample is mechanically scanned in two 
dimensions, usually normal to the axis of the focusing transducer or even in three dimensions. 
The confocal nature of imaging leading to the selective detection of waves scattered in the 
focal volume is usually employed for 3D imaging by depth-wise slicing. This way by imaging 
with radial 2D scans while displacing the lens stepwise in axial direction between consecutive 
2D scans, a 3D stack of images can be generated. 
2.2 Acoustic waves and relation to acousto-mechanical 
properties of matter 
An acoustic wave is a mechanical disturbance of matter that transfers energy in a manner 
of dilatational and shear strains leading to oscillations of the particles of the propagating 
medium [53]. In general, three main types of plane bulk waves propagate along a certain 
direction in isotropic unbounded media, one with longitudinal and two with transversal 
polarization [54]. With the longitudinal polarized waves the particles of the medium are 
displaced in the direction of wave propagation while the overall strain is a combination of the 
dilatational and shear strains. Transverse waves transfer shear strain only and the particles of 
the medium oscillate in an arbitrary direction in the plane perpendicular to the direction of 
propagation. In an anisotropic solid, however, three kinds of waves propagate transferring 
dilatational and shear strains with particle velocities usually not along or normal to the 
direction of propagation, so that no wave is definitely longitudinal or transverse [54]. As a 
consequence of anisotropy the wave velocities depend on the propagation direction and the 
phase and group velocities can appreciably differ in both, magnitude and direction. 
The velocity with which acoustic waves propagate in a medium is related to the elastic 
properties of that medium. Elasticity is a property of a substance that causes it to resist 
deformation and to recover its original shape when the deforming forces are removed. The 
one-dimensional differential equation of motion of a planar bulk acoustic wave traveling in 
one direction (for instance, the z direction), in an isotropic, elastic medium is [16]: 
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where u is the particle displacement and v denotes velocity of propagation of a definite 
oscillation state (phase). The velocity of propagation of the uz component of disturbance is 
different from that of uy (and ux). This indicates the existence of two waves propagated 
independently, longitudinal propagating with a velocity vl and transverse polarized wave 
propagating with velocity vt, where vl and vt are related to the modulus of elasticity and inertial 
density of the medium as [16]: 
 σ)2σ)(1(1 ρ
σ)(1 E
vl
−+
−
=
 and ( )σ1 ρ 2
E
v t
+
= , 2.2 
with E being the Young modulus of elasticity, ρ the mass density and σ Poisson’s ratio of the 
material §. Velocity vt is slower than vl and they are related by:  
 
( )
( )σ-1 2
2σ1
vv lt
−
=
 2.3 
Young modulus (E) is one of several elastic moduli. It is a measure of the stiffness of a 
material and defined as the ratio of uniaxial stress over uniaxial strain in the stress region in 
which Hooke's Law is obeyed by the material. The shear modulus (G) is defined as the ratio of 
shear stress to the shear strain. Young and shear moduli are related by Poisson’s ratio (σ) [55]: 
 
σ)(1 2GE +=
 2.4 
                                           
 
§The ratio of transverse contraction to longitudinal extension during stretching. For rubber, Poisson's ratio is close to the 
theoretical upper limit of 0.5; for most other common solid materials it is between 0.25 and 0.35.  
Because all these materials become thinner when stretched, Poisson's ratio is always positive. The reason for the thinning 
is that inter-atomic bonds tend to align when deformed. Transverse expansion (thickening) on stretching, is considered 
counterintuitive (with negative Poisson's ratio) [169]. 
13 
 
E is also related to the bulk modulus (B), which measures the substance's resistance to (all 
sided) uniform compression and is defined as the pressure increase needed to affect a given 
relative decrease in volume, by Poisson’s ratio. 
 
σ) 2-(1 3BE =  2.5 
It is evident from equations 2.2, 2.4 and 2.5 that sound velocity is directly related to the elastic 
constants by the density and Poisson’s ratio. For fluids, combining equations 2.2 and 2.5 and 
assuming the Poisson’s ratio of a fluid to be 0.5, yields: 
 
ρ
B
 v l =
 
2.6 
In a solid sample, beside of the mentioned bulk modes, a surface acoustic wave (SAW) 
can be excited. Rayleigh (surface) waves [56] are an example of surface waves that propagate 
along the free surface of a solid as a superposition of longitudinal and shear waves. Its 
amplitude decays in an exponential fashion with depth beneath the surface. Therefore the 
associated energy density is concentrated within a distance of the order of a wavelength below 
the free surface. Rayleigh waves in non-layered solids are non-dispersive, and their velocity 
vR is approximately related to the shear bulk wave velocity as [57]: 
 
 ( ) t1-2R vσ 0.12661σ 0.25771-1.14418 v +≈  2.7 
where σ represents Poisson’s ratio. Rayleigh waves are therefore, directly dependent on the 
elastic properties of the material. Surface waves can be applied to obtain the signature of the 
solids involved in the experiment. 
2.3 Imaging with acoustic waves by focusing transducers 
Many factors affect the quality of imaging and influence the feasibility of acoustic 
micrographs. Of crucial importance are the design and quality of the acoustic lenses, the 
properties of the coupling fluid, the properties of the sample and some others that influence 
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the aberrations of the focusing transducers and the depth of penetration concerning acoustic 
waves. 
2.3.1. Resolution 
In the acoustic microscope, like in any other imaging system due to diffraction, the image 
of an object is never perfectly sharp and a point image is actually blurred and represented by a 
point spread function (PSF).  
For diffraction limited systems the resolution of a perfect lens is determined by the 
wavelength of the incident radiation and the lens opening angle. For a practical lens, however, 
the best obtainable resolution will be affected in addition by the construction of the lens. 
Among the criteria known to account for the resolution of a diffracted system is the 
Rayleigh’s criterion§ [58], which defines the resolution as:  
 NA
λ
  0.61Res =  
 
where Res is the spatial resolution, λ is the wavelength of the ultrasound in the coupling fluid, 
NA is the numerical aperture and NA = sin θ, where θ is the semi angle of the lens aperture of 
the acoustic lens subtended at the focus. For a typical lens NA can be up to about 1.  
With the developments of the detection sensors [59], other criteria have been introduced 
such as the Sparrow criterion§. The concept of resolution is, however, just an extension of the 
considerations leading to the Abbe’s criterion, [60] which expresses the resolution as: 
 
                                           
 
§
 Rayleigh criterion: two point sources are just resolved if the central maximum of the intensity diffraction pattern 
produced by one point source coincides with the first zero of the intensity diffraction pattern produced by the other 
§
 Sparrow’s criterion: The ultimate resolution limit is reached when the intensity in the combined image from the two 
objects has a dip in brightness between them, but instead has a roughly constant brightness from the peak of one object 
image to the other [63]. 
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 NA
λ
 0.5Res =
 2.8 
In SAM the scanning and detection is confocal. Therefore there are two point spread 
functions (corresponding to the incident and reflected waves) that have to be folded [50]. The 
resolution as expressed by equation 2.8 is therefore further improved in confocal SAM, like 
for any other confocal microscopy, by a factor of 2
1
 [1]. 
The resolution is concerned with the precise detection of the smallest distinguishable 
feature. The exact position is, however, determined, in the best case, at the expense of the 
certainty in determining the momentum [61]. The resolution could thus, be expressed in terms 
of the uncertainty in accurately resolving the position of a particle ∆x: 
 
 
 
h∆x∆p x ≥
  
2.9 
where ∆p is the uncertainty in determining the momentum of a phonon, ∆x is the uncertainty 
in determining its position and h is Plank’s constant. If the phonon is emitted at an angle ϑ  
to the axis, then: 
 
ϑ sinpp 0x =  2.10 
where px is the x component of the momentum of the phonon and p0 is its initial momentum. 
In order for the phonon to be collected by a lens of numerical aperture NA = sin θ, the 
condition | ϑ |≤ θ must be satisfied. With relation 2.8, the resolution can be expressed in 
terms of uncertainty in determining the position as [62]: 
 
NA 
λ5.0∆x ≥
 
2.11 
and since  
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υ
v
  λ =
 
2.12 
where v is the velocity of propagation of ultrasound in the coupling fluid and υ is the 
operational frequency. For a 1.2 GHz lens of NA of about 0.6 that results in a lateral 
resolution of about 1 µm. At operational frequency of 2 GHz, a resolution comparable to that 
of an optical microscope can be achieved.  
It is obvious from equations 2.8 and 2.12 that the resolution is enhanced by applying high 
frequencies, but the attenuation in the coupling fluid, has a square law dependence over 
frequencies extending from few kHz to about over 6 GHz (equation 2.13) [63] 
 
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v ρ
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υ
α
  
2.13 
where α is the attenuation of the magnitude of the acoustic reflected signal, υ the operational 
frequency and ℑ  a term depending on the viscosities, thermal conduction and the specific 
heat ratios at constant pressure. This frequency dependence of attenuation exhibits a limiting 
factor to indefinitely improve the resolution by increasing the frequency despite of the direct 
dependence of the resolution on frequency. That makes attenuation a decisive parameter for 
the choice of the coupling fluid [14]. 
2.3.2. Coupling fluid 
In acoustic microscopy, to improve the mechanical contact and the transmission of the 
acoustic waves between the surface of the object and the transducer a coupling medium (fluid) 
is usually used. The acoustic properties of the coupling fluid influence the quality of imaging. 
Two properties should be considered in choosing the coupling fluid. First, the velocity of 
propagation of ultrasound in the coupling fluid, a coupling fluid of low velocity of sound will 
result in a smaller spot size compared to a coupling fluid of faster velocity of sound 
(equation 2.8 and 2.12). The second property to be considered is attenuation; a coupling fluid 
of low attenuation coefficient is preferred. The relevance of a coupling fluid is assessed by 
calculating its coefficient of merit (M) (equation 2.14), which means calculating the shortest 
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attainable wavelength for a fixed loss and transit time through the fluid coupler compared to 
the corresponding value for water at 25°C. 
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where v and α are the velocity and attenuation coefficient, respectively (quantities with w 
subscript refer to the corresponding value for water) [64]. Liquids with low M number are 
chosen for high resolution. Low M value requires low viscosity, thermal conductivity and 
large acoustic impedance. Cryogenic liquids have very low viscosities and thermal 
conductivities [64]. Liquid metals have exceptionally high impedance, but their usage is 
always hindered by factors such as specimen compatibility [65]. 
2.3.3. Aberrations of focusing transducers 
It is evident that in acoustic microscopy, where the mode of operation is essentially 
monochromatic (or the frequency bandwidth is relatively narrow), chromatic aberrations do 
not arise. Besides, due to the mechanical scanning of the sample there are no field aberrations, 
no barrel and pincushion distortions and neither astigmatisms nor comatic aberrations occur. 
Then only spherical type of aberration influences the quality of imaging in case of rotational 
symmetry of the lens. While spherical aberration is inevitable as a consequence of the laws of 
refraction at spherical surfaces, it is very low in the case of acoustics compared to the case of 
optics [66]. The magnitude of the spherical aberrations is proportional to (D / n2) [11], where 
D is the lens aperture and n =°vs /°vw is the relative refractive index with vs and vw being the 
velocity of propagation of acoustic waves in the lens material and in the coupling fluid, 
respectively. In the optical case n is very low (about 1.5 for glass) leading to large spherical 
aberrations, whereas it is very large (about 7.4) for an acoustic lens made of sapphire and 
water being used as coupling fluid. The sevenfold reduction in sound velocity in going from 
sapphire to water makes the spherical aberrations, of negligible effect at all frequencies [67].  
Due to the fast increase of the ultrasound attenuation in water for high frequencies, lenses 
for operation at high frequencies (GHz range) are designed with short working distance (small 
diameter of the calotte) such that the path traveled in the water is respectively short. With 
decreasing size of the focusing cavity also the lens aperture (D) scales down and in 
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consequence a single small lens surface can provide a high-aperture acoustic lens with 
aberrations considerably less than a wavelength.  
2.3.4. Penetration depth 
The practical penetration depth of the acoustic signal in to the sample depends on many 
factors concerning both the imaging system and the sample under observation [68]. For a 
given lens, the penetration depth depends on the attenuation in the sample and thus depends 
on the frequency, since attenuation is frequency dependent (equation 2.13). A higher 
penetration depth can be achieved if the frequency of operation is decreased. On the other 
hand, decreasing the operating frequency deteriorates the resolution. Therefore, trade-offs 
between resolution and penetration depth must be made. While the best obtainable resolution 
is determined by the depth of penetration desired, the desired depth of penetration coupled 
with a minimum pulse length enables the determination of the highest usable frequency [69].  
Some changes in the parameters of the acoustic lens system, such as the lens opening also 
affect the penetration depth. Reducing the half opening angle, improves the penetration ability 
at the expense of the resolution. The elastic parameters of the test object have a great influence 
on how deep the acoustic waves can penetrate through them [68]. The acoustic impedance of 
the material affects the penetration of acoustic waves in it. A higher acoustic mismatch 
between the object and the coupling fluid will lower the penetration depth. For high 
impedance materials, surface waves are the only waves that can penetrate to a considerable 
extent. A definition for the penetration depth of such materials was provided by [68], based on 
the coupling of surface waves and the generated V(z). Materials with relatively low acoustic 
impedance such as biological samples, have better penetration depth and the contribution of 
the longitudinal waves is considerable [68]. 
2.4 Vector contrast acoustic microscopy 
The microscope used in this work, the phase sensitive acoustic microscope (PSAM) is 
capable of detecting the phase together with the magnitude of the signal providing the two 
complementary parts (magnitude and phase) of the acoustic information simultaneously [15]. 
2.4.1. Detection scheme 
The vector detection scheme is presented in figure 2.2 below. A radio frequency (RF) 
signal is generated by a stabilized narrow-band RF generator and is derived by switches 
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(which cut out about 60 oscillations at a mean frequency of 1.2 GHz from the generated sine 
wave) to the transducer, which converts it into an acoustic pulse. The ultrasonic pulse 
reflected from the sample is converted again by the transducer into an electromagnetic signal 
or in other words, the pressure wave is converted into an equivalent electromagnetic wave. 
This signal is fed to a heterodyning circuit where it is mixed with a reference signal (obtained 
by mixing of the out put signals of the two frequency synthesizers (HFO and LO)) and with a 
time delayed (phase shifted) reference signal. Mixing involves multiplication, which is a 
superposition of the sum and difference of the frequencies. The resulting two low frequency 
signals are detected in the box car as the in phase (0°) and quadrature (90°) components, 
respectively. These signals, which can also be regarded as the real and imaginary parts of the 
complex representation of a sinusoidal signal are digitized and stored (with 12-bit conversion) 
for each pixel of the image by a 2-channel image processing unit. The amplitudes and phases 
are calculated point by point from these data, using the Pythagorean Theorem and the inverse 
tangent. In addition to the heterodyning, which allows wide band width operation (60 MHz to 
1.3 GHz), the equipment employs additional modulation schemes (not included in figure 2.2) 
in the RF processing to enhance the rejection of low frequency noise (for instance drift of the 
electronic zero level). The phase signals are processed by time-variant filtering based on gated 
signal acquisition. The detection scheme is similar to the processing of continuous oscillatory 
signals by a vector lock-in amplifier but adapted for short pulsed RF signals with carrier 
frequencies up to the gigahertz regime. 
To achieve the desired compatibility with the standard SAM operation, the path of the 
signal serving as a reference for the vector detection scheme is located exclusively in the 
electronic part of the equipment. The reference signal travels from the oscillator to the RF 
mixer as guided electromagnetic waves (quasi-one dimensional propagation) in the coaxial 
wires, which are used for signal transfer and for the phase shift for the 90° reference (relative 
to the 0° reference). 
In the custom designed PSAM, the sample is scanned by a three axis scanner, which is 
constructed to support high resolution imaging (the system is placed on an actively damped air 
table, low audible noise and low mechanical distortions are assured beside stabilization of the 
temperature). The scanner is the Piezojena PXY 400 based on piezo-mechanical actuators. Its 
maximum scanning range is about 400 µm in two dimensions and it can operate at frequencies 
up to 100 Hz, with the x-axis (the horizontal-left to right-axis) faster than the y-axis. 
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Figure  2.2: A simplified schematic representation of the quadrature detection in reflection mode. LO; 
Local frequency oscillator. HFO; High frequency oscillator, RF oscillator, SW; switch, PA; power 
amplifier; L: acoustic lens, O; Object, LA; preamplifier, M; mixer (for heterodyning and phase 
detection), B; band pass filter, BC; box car integrator (gated signal acquisition). AD; computer-based 
image acquisition (two channel 12 bit conversion) [15] 
 
The spatial dependence of the resulting complex signal V(x, y) may be written as [70] 
 
( ) ( ) ( ) yx,iV yx, V yx,V IR +=  
or 
( ) ( ) ( )( )
 yx,iφ exp  yx, V  yx,V =  
 
where the amplitude V(x, y) and phase φ(x, y) (figure 2.3) are given in terms of the in-phase 
and quadrature components of the signal VR and VI, respectively by: 
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Figure  2.3: Schematic of polar representation of a complex signal of magnitude (V) and phase (φ) 
2.4.1.1. Resolution in detecting the phase  
Phase measurements, can be measured more accurately than magnitude measurements due 
to the availability of high sampling rate digitizers and steady triggering mechanisms (to reduce 
jitter problems) [71]. The phase is calculated from the two (0 and 90) low frequency signals in 
the following manner: 
 
( )
0
90
V
V
φtan =
  
2.17 
which is equivalent to 
 
 
( ) ( )29020
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+
=
  
2.18 
V0 and V90 by application of the 12 bit AD convertor are integers ranging from -2048 to 
+2048. Assuming a constant magnitude (the denominator of equation 2.18), the derivative of 
equation 2.19, yields: 
 
( ) ( )29020
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 φ φ cos
+
=∆
  
 2.19 
The smallest possible ∆φ is obtained for φ = 0, then  
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The smallest possible value of ∆V90 is 1 
The maximum magnitude is 2048. The best phase resolution ∆φmin is thus:  
 2048
1
 φ min =∆
 
 2.21 
which is about 5× 10-4 of 2π rad. 
Amplitudes can be resolved with a linear dynamic range of 66 dB. These resolution limits are 
obtainable for PSAM operation with an average acoustic power level of typically 1 µW (peak 
power about 25 µW) at the sample surface. The detected phase of the ultrasonic waves 
reflected from the sample is extremely sensitive to the distance of the acoustic lens from the 
object (with the scanning plane as a reference of the observed phase). 
2.5 Interferometric calibrations 
The calibration of the z axis movement of the piezoelectric translation stage is very 
important for the analysis of acoustic images with phase contrast. In order to calibrate this 
movement of the translation stage in the z direction, a Michelson interferometer was set up 
where one of the mirrors was attached to the piezoelectric translation stage. A HeNe laser 
(wavelength in air 632 nm) was used for excitation. The output of the photodiode used as a 
detector in the Michelson interferometer was connected to a LeCroy digital oscilloscope. The 
mirrors were adjusted until constructive interference was obtained. By applying a slow voltage 
ramp (0.001 Hz) to the input of the high voltage amplifier for driving the z axis of the 
piezoelectric translation stage an interferogram was recorded and averaged on the digital 
oscilloscope. The voltage ramp was simultaneously recorded and averaged on the oscilloscope 
using the monitor output of the high voltage amplifier (figure 2.4). From the two traces the 
actual displacement in the direction of the z axis was determined as a function of the applied 
voltage (figure 2.5, left). The displacement of the z axis of the piezoelectric translation stage 
was also recorded from the display of the high voltage amplifier and the corresponding out put 
voltage was measured simultaneously by a voltmeter (figure 25, right). The displacement of 
23 
 
the z axis for the two cases (figure 2.5 left and right) is compared in figure 2.6. These 
calibrations were done in closed loop operation (with the amplifier operating with feedback 
from the strain gauge). 
 
Figure  2.4: Voltage ramp driving the input of the high voltage amplifier (left ordinate) and the 
corresponding interferogram obtained in closed loop (right ordinate). 
  
Figure  2.5: Left: Displacement in the axial z direction (as calibrated by the interferometer) as a 
function of the monitor voltage of the high voltage amplifier. Right: Displacement in the axial z 
direction (as determined by the strain gauge built into the translation stage and displayed by high 
voltage amplifier (ENV 400 SG, Piezosystem Jena) as a function of the voltage as measured by the 
voltmeter. 
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Figure  2.6: Left: Correlation of the displayed and the calibrated displacement in the axial z direction 
in dependence of the measured voltage. Right: The displayed z versus interferometric calibrated z 
(obtained from the two steps: z-calibrated with interferometer vs monitor voltage and registration of 
z displayed vs. monitor voltage). 
The acoustic microscope is then used to scan an image of glass substrate using water as 
coupling fluid (images are shown in figure 2.7). An input ramp voltage was again applied to 
derive the piezo translation stage in the axial z direction simultaneously while imaging. 
Magnitude and phase data were taken along a vertical line scan shown in the images in 
figure 2.7 as depicted in figure 2.8. Using the calibration curves presented above, the 
dependence of the phase on the displacement of the axial z axis in the proximity of the focus 
(around the maximum of the V(z) curve) was plotted (figure 2.9) to determine the effective 
wavelength and the effective opening angle. 
  
Figure  2.7: Acoustic images in magnitude (Left) and phase (right) contrast of glass with water as 
coupling fluid while ramp voltage was applied. Data along the white vertical line scan were used to 
trace the phase jumps and to determine the point where maximum focus is located. 
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Figure  2.8: Magnitude (left) and phase (right) data for each pixel along the vertical line shown in the 
images in figure 2.7 above. The red line is the smoothed curve. Data were extracted from images 
stored with 16 bit conversion. 
  
Figure  2.9: Magnitude (left), the focus (maximum is at Vmon = 2.5764 V) and phase jumps (right) as a 
function of the monitor voltage of the high voltage amplifier for the ascending part of the voltage 
ramp. The voltage ramp is shown in the right ordinate of the right plot. 
  
Figure  2.10: Phase jumps in dependence on the displacement in the axial z direction around the focus 
(left) and number of full rotations in dependence on the displacement in the axial z direction around 
the focus (right). The effective wavelength is obtained from the reciprocal of the slope. The 
displacement is multiplied by 2 (because of the forth and back propagation due to reflection) and the 
reciprocal of the slope gives z displacement that produces a 2π jump. 
26 
 
The effective wavelength is obtained from the reciprocal of the slope in figure 2.13 to be 
1.337 µm. The nominal wavelength of the ultrasound in water at 1.195 GHz and at room 
temperature of 25.3° is 1.24 µm. That results in a correction factor of 1.078. The 
corresponding effective opening angle is calculated using an analytical solution. It predicts the 
variation of the phase φ (z) near the focus for displacement in the axial z direction, for the full 
angular spectrum of plane waves contributing to the imaging: [72]. 
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2.22 
where D being the effective “wavelength” in the focus, θ is the half opening angle of the lens, 
and k is the absolute value of the wave vector. The term in the bracket in equation (2.22) is the 
reciprocal of the measured correction factor. This results in an effective opening angle of 
28.3°. 
2.6 Contrast mechanisms 
In reflection acoustic microscopy, the acoustic beam from the focusing transducer 
(acoustic objective) is reflected at interfaces where a change in the acoustic impedance occurs. 
The acoustic impedance (Z) is described mathematically as [50]: 
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where Λ is traction (vector force per unit area acting on a surface, or pressure on a surface) 
and ∂u/∂t is the particle displacement velocity. It can be shown from 2.23 that for a planar 
harmonic wave Z=ρv, where, ρ is the density of the material, v is the speed of propagation of 
sound in the material. The specific acoustic impedance of a medium subjected to ultrasonic 
plane waves is [73], [74]: 
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θ cos
ρvZ =
 
2.24 
where θ is the angle of incidence of the ultrasound waves on the surface of the material. Z has 
the unit Rayl (from Rayleigh) or (kg / m2 sec). Apart from a condition of dispersion, which 
makes both v and Z dependent on the frequency [73], z is only temperature dependent, for a 
material of specified density. 
The intensity (the time average of the instantaneous intensity) of an acoustic wave, which 
is the rate per unit area at which work is done by one element of fluid on an adjacent element 
is related to the pressure of the acoustic wave as [75]: 
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The intensity can be defined from equations 2.23, 2.24 and 2.25 as: 
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A plane acoustic wave propagating in a medium with acoustic impedance Z1, when encounters 
a boundary of a second medium of acoustic impedance Z2 will be partially or entirely 
reflected. The stress amplitude (or pressure amplitude in case of fluids) reflection and 
transmission coefficients can be defined for normal incidence as [76]: 
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where Pi, Pr, and Pt are the complex pressure amplitudes of the incident, reflected and 
transmitted waves respectively. Applying the two conditions; the continuity of pressure and 
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continuity of normal component of the velocity and utilizing the relation P / (du/dt) = z§ leads 
to: 
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and 
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It is evident from (2.28) and (2.29) that the difference in the acoustic impedance of a two 
media is the determinant factor of the reflectivity at the interface between them. This 
dependence of reflectivity on the acoustic impedance is directly manifested in the images. The 
acoustic impedance is related to the elasto-mechanical properties of the material since density 
and sound velocity [16] are directly related to the elastic properties (equation 2.2). The 
extinction observed for the imaged sample is also a major cause of contrast [17], [18], [77]. 
The contrasts seen in images with phase contrast are related to the time-of-flight, and thus 
related to the thickness and the topography of the sample. They also depends on the 
interferences, which in turn depend on the geometry of the sample [78], [15], [79]. 
The signal changes sensitively with the variation in the distance between the lens and the 
surface of the sample so defocusing is also a source of contrast. When the lens is located at a 
distance for which the focus is positioned in the object plane (conventionally described as 
                                           
 
§
 Continuity of pressure (there can be no net force on the massless plane separating the two media) 
P i+ Pr = Pt, at the interface which is equivalent to 1+R=T 
Continuity of normal component of the velocity (the two media remain in contact) 
(dui / dur) = ut, at the interface.  
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z = 0), a strong reflected signal will be registered §. If the lens is translated towards the object 
in the axial-z direction much of the acoustic energy is reflected outside the lens and the values 
of V for positive z decreases rapidly. When the lens is moved towards the sample, strong 
oscillations appear, where a series of periodic maxima and minima occurs, characterized by 
∆z. This region is characteristic of the sample’s acoustic properties. Its patterns, the depth of 
the minima and the relative magnitudes of the maxima, vary with the material. This 
dependence of the variation of the signal output V on the defocus z is known as the acoustic 
material signature denoted by V(z). It is originally an interference effect between the Rayleigh 
waves and specular reflected waves [49]. Images produced by this method contain information 
about the surface as well as about structures below the surface. 
 
 
 
 
                                           
 
§ In the focal region, the power density of the acoustic waves is high and the nonlinear (higher harmonic) effects are 
significant [170]. 
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3. Characterization of focusing acoustic transducers 
In order to extract quantitative acoustic information, the emission and focusing properties 
of the employed focusing transducer (acoustic lens) should be checked to assure optimum 
quality of imaging. The emission properties of an acoustic lens are most widely obtained by 
examining the pupil function, which describes the distribution of the acoustic field on the 
surface of the emitting lens. In the general case it takes into account the non-uniform 
excitation of the transducer, the apodization (reduced side lobes of the beam and gradual 
decrease of the vibration of the transducer surface with distance from its center) and any 
aberration effect [80].  
The pupil function can be determined from the V(z) curves [81], by measuring the signal 
generated by a second planar transducer [82] or by using images of rigid spherical particles to 
investigate the two dimensional pupil functions of confocal microscopes involving SAM [83]. 
These methods, despite their effectiveness, demand huge effort and may need many 
measurements. A simple and direct method for characterizing acoustic lenses and acoustic 
fields emitted utilizing confocal laser scanning microscopy (CLSM) is discussed in this 
section. CLSM is used to obtain the point spread function (PSF), which describes the response 
of an imaging system to a point source or point object, and the geometrical parameters of the 
focusing transducer. Two acoustic lenses that are made of sapphire were characterized using 
CLSM, the first is designed to focus acoustic waves at frequencies of about 1.2 GHz, which is 
the lens that was employed to image the samples investigated in this thesis. The second lens 
focuses waves at frequencies of about 400 MHz.  
In scanning acoustic microscopy, with the point wise insonification and detection the 
assumption of the shift invariance of the imaging system is fulfilled and the image is described 
through the convolution of the object with the point spread function (PSF) characterizing the 
imaging system. Basic limitations occur due to the diffraction limit [60] (equation 2.8). 
Further limitations result from deviations of the geometry of the surface of the focusing 
transducer. The effect of these limiting factors is studied and discussed in details. 
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3.1. Diffractive limits 
It is well known that in case of a circular aperture the diffractive distribution of the 
(scalar) wave field is described by the normalized sinc function. For circular aperture the wave 
field distribution in the focal plane is the Airy pattern, given by [84]: 
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where the numerator is a Bessel function of the first kind, rAP is the half of lens opening 
diameter and f0 is the focal distance. 
 
Figure  3.1: Wave field amplitude in the focal area in case of a circular aperture represented by the 
( ) πx/πxJBes(x) 1=  a cross-section (left) and a pseudo 3D presentation (right). 
 
The maximum obtainable resolution is related to the size of the central maximum of the focal 
spot intensity (I(r)), which can be expressed as [85]: 
 ( ) ( ) ( ) ( )rψ r ψ r ψ r I 2 ∗≈≈  
 
where ψ(r) is the amplitude of wave field, and ψ*(r) is complex conjugate of the amplitude. 
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3.2. Geometry of focusing transducers 
Figure 3.2 shows a front view of a 1.2 GHz acoustic lens. The focusing part in an acoustic 
lens is normally fabricated by grinding the originally disc shaped single crystalline sapphire, 
aligned with its axis of highest symmetry normal to the surfaces where the transducer is 
placed. 
 
 
Figure  3.2: CLSM image of the central part of the acoustic lens that focuses ultrasound at 1.2 GHz. 
The concave focusing part is surrounded with a planar plateau. 
 
For a spherically focus concave acoustic lens with radius of curvature Rl as shown 
schematically in figure 3.3, in an approximation of ray acoustics, the paraxial focus of the 
acoustic field occurs at [86]: 
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L
l0 =  3.2 
where vs and vw are wave velocity in the lens material and in the coupling fluid, respectively. 
For such symmetric lens, that is designed for registration of signals coming from points 
positioned on its axis of symmetry the only kind of aberrations that exists is the spherical 
aberrations (W). The spherical aberrations are strictly related to the geometrical shape of the 
focusing surface rl(θ, φ) and the ratio of the velocity of propagation of the acoustic waves in 
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the material of the lens to the velocity of propagation of ultrasound in the coupling fluid so 
that [14]: 
 
( ) ( ) ( )( )θsin n1 2nθsin n1n2rn θ,W 642lr −+−=  3.3 
where θ is the half opening angle and n is the relative refractive index. Equation 3.3 indicates 
explicitly that the spherical aberration is negligible for sufficiently small n and θ. The 
transversal spherical aberration is given by δ, where [87]: 
 ( )2sWl /vvrδ <  3.4 
 
 
 
 
 
Figure  3.3: A scheme of an acoustic lens, rl(θ): real distance between C (center of curvature) and the 
refractive surface at a point corresponding to θ, D: diameter of the concave, focusing part of the lens, 
S: Para-axial focus of the acoustic field [88].  
 
The wave aberration in the lens aperture Wr(x, y) is defined as the geometrical distance 
between an ideal sphere centered in the focus and the real wave front. Figure 3.4 
schematically shows a wave reflected from a surface deformed by distance a from the ideal 
surface (Wr = 2a due to reflection). 
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Figure  3.4: Geometrical imperfections result in distorted reflected wave fronts, PS is a point source. 
 
3.3. Characterization by confocal laser scanning microscopy 
The illumination pattern in CLSM, which is restricted to an airy distribution in the focal 
region of the objective, is a kind of pinhole. As a result, the detector (PMT) can only detect 
light that has illuminated a single point at a time and passed the detection pinhole [1]. In this 
sense, the image conjugated to both (source and detection) pinholes can be regarded as a 
pinhole itself (figure. 3.5, left). 
           
Figure  3.5: Schematic of the confocal imaging (left). Rays deflection by reflection at a deformed 
surface as compared to rays deflected from an ideal surface (right). 
Let us consider scanning in the plane of the geometrical center of curvature in case of 
imaging a lens under test as illustrated in figure 3.5, left. Light passes through the image of 
pinhole, travels towards the surface of the lens under test and then reflects back. A bright spot 
observed at (xp, yp) tells about the slope of the reflecting surface. In the approximation of the 
geometrical optics, the reflected ray comes back to the image of the pinhole only in the case 
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when the gradient of the local wave aberration fits to the position of the pinhole [89]. The 
position of the local intensity maximum (xp, yp) is related to the surface deformation Wr so 
that [89]: 
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Taking into account effects of diffraction, intensity of light observed in local maximum at (xp, 
yp, zp) may be related not only to the gradient but also to the local Gaussian curvature of the 
surface. That value may be estimated with the help of the stationary phase arguments. 
The sensitivity of the reflected intensity to the local deformations in acoustic focusing 
transducers is tested by CLSM. Testing the quality of acoustic focusing transducers with 
CLSM could be introduced as a modified version of Foucault knife test [90] as published in 
[91]. In the traditional Foucault test, the optical element to be examined is illuminated with a 
collimated light beam. A knife edge that can be displaced both axially and transversely is 
placed in the focal region, perpendicular to the optical axis. Depending on the position of the 
knife edge, different parts of the illuminating beam are blocked out. The form of the observed 
shadow pattern will depend on several factors, namely the distance between the focus and the 
knife edge, the transverse position of the knife edge, and the aberrations of the optical element 
[92]. For an aberration-free optical element, the shadow pattern consists of a dark and a bright 
region separated by a straight edge parallel to the knife edge (figure 3.6, left). If the knife edge 
is located behind the focus and is displaced transversely (perpendicularly across the focusing 
light), the observed dark region moves in the opposite direction of the knife edge. On the 
contrary when the knife edge is placed in front of the focus the dark region moves in the same 
direction as the knife edge. Finally, if the knife edge is located at the focal plane of the system 
and is transversely displaced, the observed pattern changes suddenly from bright to dark 
without any apparent motion. This is a very accurate way of finding the center of spherical 
mirror curvature [92]. For an aberrated lens, however, the shadow-pattern structures are no 
longer divided by a straight edge (figure 3.6, right). Consequently, it is no longer possible to 
see a completely bright or dark pattern at a given axial position of the knife edge. Further, 
each kind of aberration produces a different pattern. CLSM inherently includes the elements 
needed for the test. The movement of the plane of the focus of the optical lens towards and 
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away from the test object (the axial movement of the nosepiece) provides the axial 
displacement needed in the Foucault test. The illumination pattern, which is restricted to an 
Airy distribution in the focal region of the objective, is a kind of pinhole. As a result, the 
detector (PMT) can only detect light that has illuminated a single point at a time and passed 
the detection pinhole, [93] which resembles the knife edge of the Foucault test. 
  
Figure  3.6: Schematic representation of the principle of Foucault Knife test of a reflecting surface. 
When the knife edge is positioned on the focus, no movement is observed in the shadow pattern in 
case of aberration free surface (left) and a pattern characteristic of the type of the aberration is 
observed in case of an aberrated surface (right). 
 
 
Figure  3.7: a. Schematic representation of the CLSM 3D scan geometry. C is the curvature center 
point of the acoustic lens under test as expected for an aberration free surface. AC, and AB are 
determined from the know step size while scanning along the vertical axis z. The diameter of the 
aperture (D) is determined by fitting of a suitable circle, then r and θ are calculated. 
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3.4. Methods of stationary phase–critical points of the first kind  
Optical field diverging from the “point pinhole” and observed at the same point, after 
reflection, may be calculated with the help of the diffraction type integral  
 
 
dxdyy)ef(x,F y)ikg(x,∫∫∝
 
3.6 
where f(x, y) is proportional to the local reflectivity, g(x, y) is the optical path from pinhole to 
the surface and back. Assuming that the reflectivity is almost constant, we will omit the 
changes of f(x, y). For any point at the aperture (xa, ya) there exists a normal to the reflecting 
surface. If one places the pinhole at (xp, yp, zp).along that line, then the optical path becomes 
stationary  
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In that situation the diffraction integral gets strong contribution from the vicinity of (xa, ya) 
that becomes the critical point of the first type [94] of the integral (3.6). Intensity of the light 
observed at such points is proportional to the reciprocal of Gaussian curvature of g(x, y). 
 
21rrk
4πI ∝
 
3.8 
where r1, r2 are principal radii of curvature. 
That curvature of g(x, y) depends on the observation point along the normal to the surface. 
Usually local curvatures differ from each other, and along normal one may find two astigmatic 
foci. For the pinhole positioned at any of them, the intensity (3.8) tends theoretically to the 
infinity, but in fact assumes local maxima. By scanning close to such local center of curvature 
one observes a linear distribution in the diffracted field. The line points towards the stationary 
point at the aperture, and the distance from the local maximum to the surface tell about the 
local radius of curvature. 
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3.5. Measurements, analysis and results 
The inverted (Carl Zeiss LSM 510) confocal laser scanning microscope was used. A stack 
of images were taken for each acoustic lens. In case of the acoustic lens that works at 
1.2 GHz, a high resolution objective (Plan-Neofluar 100 ×/ 0.9 NA) was utilized for the 
illumination and collection of the back reflected light. High numerical aperture lens was 
necessary to gather the rays reflected from the peripheral areas of the lens surface used. The 
entire range of 91 µm in the axial direction (z) was optically sectioned in steps of 0.2 µm 
enabling the collection of about 450 scan lines, starting from the top of the lens towards the 
center of curvature (figure 3.7). In case of the 400 MHz, which has a nominal numerical 
aperture of about 30° with a radius of curvature of about 175 µm, however, the optical 
objective (20 ×/ 0.63 NA) was sufficient. The use of an optical lens of higher numerical 
aperture would not cover the entire range in the (z) direction from the top of the lens to the 
center of curvature of the acoustic lens. The scan size in the z-axis was 850 µm scanned in 
about 1700 steps with a step size of 0.2 µm (figure 3.8). In both cases argon laser with spectral 
line 457 nm was used for illumination. 
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Figure  3.8: Images of the 1.2 GHz under test and the corresponding 3D distribution of the optical 
field when focusing the optical objective on the concave surface of the acoustic lens as shown by the 
arrows (top), when focusing on the focal point (middle) and when focusing on the convex surface of 
the acoustic lens (bottom) The size of the image in each case is (91 µm × 92 µm) left and 
(92 µm × 92 µm) right. Illumination laser λ= 458 nm, and objective 100 × lens / 0.9 were used. 
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Figure  3.9: Images of the 400 MHz acoustic lens under test and the corresponding 3D distribution of 
the optical field when focusing the optical objective on the concave surface of the acoustic lens as 
shown by the arrows (top) and when focusing on the focal point (bottom). The size of the image in 
each case is (854.5 µm × 460.7 µm) left and (460.7 µm × 460.7 µm) right. Illumination laser 
λ= 458 nm, and objective 20 × lens / 0.5 were used. 
3.5.1. Optically determined basic geometrical parameters  
Mean radius value rl of the spherical part was determined for each acoustic lens from the 
corresponding stack of the high resolution CLSM images using the technique of 3D fitting to 
the sphere. Lens diameter D was estimated with the help of one picture from the stack taken 
for the CLSM focused at the planar part of the lens front side. The obtained properties of the 
acoustic lenses are listed in table 3.1. The spherical aberrations are calculated using equation 
3.3. 
Parameter 1.2 GHz lens 400 MHz lens 
Aperture diameter (D) 53.55 ± 0.9 µm (with minor ellipticity) 208 ± 1 µm 
Radius of curvature (rl) 44 ± 1 µm 200 ± 1 µm 
Half opening angle (θ) 37.48°± 0.02° 31.33°± 0.02° 
Numerical aperture 
(NA) 0.608 0.52 
Spherical aberrations 
(Wr) 0.168°± 0.005°µm 0.185°± 0.006°µm 
Table 3.1: Geometrical properties of the 1.2 GHz and 400 MHz acoustic lenses as 
calculated from the CLSM stack measurements. 
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The diffraction limited or ideal acoustic point spread function in case of focusing the 
acoustic waves at 1.2 GHz using water as coupling fluid is calculated for the basic geometrical 
dimensions (lens diameter and surface curvature determined from the 3D CLSM scan). The 
magnitude and phase of the diffracted field emitted by the acoustic lens that operates at 
1.2 GHz in the focal region is depicted in figure 3.10. From the phase image (figure 3.10, 
right), the depth of focus is counted to be minimally about 6 µm. 
 
 
 
Figure  3.10: Calculated magnitude (black represents zero) of the x-z distribution of the diffractive 
acoustic field of the ideal 1.2 GHz (left) and wave pattern as represented by the amplitude (medium 
gray represents zero) from which the phase can be visually deduced (bottom with magnified central 
part). The depth of focus is about 6 µm. 
 
3.5.2. Optical testing of the local imperfections  
Beside of geometrical parameters of the focusing surface of the acoustic lenses, the 
quality and fine structure of these surfaces were characterized utilizing the CLSM. The 
observed bright spot that corresponds to the front of the cavity of the acoustic lenses was 
determined from the CLSM image that has the optimum focus, and provides the sharpest and 
brightest point in the corresponding stack. The observed optical spot in the vicinity of the 
center of the cavity curvature is about 1.2 µm in case of the 1.2 GHz lens (figure 3.11, left) 
and about 3.6 µm in the case of the 400 MHz lens (figure 3.11, right). In both cases the 
observed spot indicates that the surface is not a perfect smooth sphere. For the perfect cases 
the spot size diameter would be about 0.5 µm and 0.6 µm (equation 2.8, with NA as in 
table 3.1) for the 1.2 GHz and the 400 MHz lenses, respectively for this specific wavelength 
of the illuminating laser. Besides of the bright central spot, linear maxima located close to the 
concave surface image are observable in figures 3.8 and 3.9 that on the force of stationary 
phase arguments (formula 3.8) reveal local imperfections and variable curvature of those 
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surfaces. Qualitative observation of those effects reveals that the quality of the 400 MHz lens 
is worse than the 1.2 GHz. One comes to the same conclusion when comparing the observed 
and ideal sizes of the spots in the area of the center of curvature of both lenses. 
         
Figure  3.11: The optical spot size of the 1.2 GHz lens (left, each pixel is equivalent to 0.17 µm and size 
of image is 2 µm × 2 µm) and of the 400 MHz lens (right, each pixel is equivalent to 0.9 µm and size of 
image is 5.8 µm × 5.8 µm) as obtained from the CLSM image taken at optimum focus. 
3.6. Acoustic field modeling by angular spectrum techniques 
The distribution of the acoustic waves is simulated for the acoustic lenses under study 
with the help of a developed program written in C++, which calculates the propagation of 
angular spectrum of wave fields. The program calculates, plane by plane, 3D acoustic wave 
field distributions behind the initial (source) plane. The measured optical fields and the 
geometrical parameters obtained for the acoustic lenses under test were fed to the software as 
input parameters. The deformations of the lens surface were introduced as phase fluctuations 
at that plane. The amplitude in the source plane was windowed by a circle of diameter D, 
equal to the diameter of the focusing part of the lens (table 3.1). In the acoustic field modeling 
the wave phase shift is related to the surface shape through the factor ( )n1n − . That can easily 
be shown by considering figure 3.4 above. The time required by an acoustic ray to traverse the 
path length I is ( )n1nvt w −= I , where vw is the acoustic speed in the coupling fluid and n is 
the refractive index in going from the lens material to the coupling fluid. The magnitude and 
phase of the diffracted field emitted by the acoustic lens that operates at 1.2 GHz at the 
surface of the lens is depicted in figure 3.12 and the field emitted the x-z plane in figure 3.12. 
Figure 3.13 shows the point spread function. 
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Figure  3.12: Simulation of the magnitude (left) and phase (right) of the diffractive acoustic field at the 
surface of the 1.2 GHz lens. The geometry of the lens under test and the distribution of the optical 
field obtained from the 3D CLSM were used as the input parameters for the calculations. 
    
Figure  3.13: Magnitude of the x-z distribution of the diffractive acoustic field of the 1.2 GHz (left) and 
400 MHz (right) acoustic lenses. The geometry of the lens under test and the distribution of the 
optical field obtained from the 3D CLSM were used as the input parameters for the calculations. 
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Figure  3.14: Point spread function in the focal plane of the acoustic 1.2 GHz lens as calculated for the 
lens surface shape obtained from the 3D CLSM scan (left). The size of the image is 2 µm × 2 µm. A 
larger area of the calculated point spread function is displayed in the right image (size: 
20 µm × 20 µm). 
 
3.7. Estimation of the resolution of the optical objectives  
The images of sharp (slanted) edges in a glass sample (figures 3.14 and 3.16) were used to 
determine the modulation transfer function (MTF) of the CLSM objectives employed. The 
edge spread function (ESF), which is essentially the reflectance profile that shows system’s 
response to a high contrast edge is obtained from a region of interest. The line spread function 
(LSF) was then derived by calculating the first derivative of the ESF. The resolution was 
calculated as the full width at half maximum of the amplitude of the LSF as shown in figures 
3.15, left and 3.17, left for the 100 ×/0.9 NA and 20 ×/0.5 NA optical objectives, respectively. 
Modulation transfer function (MTF), which describes the attenuation of sinusoidal waveforms 
as a function of spatial frequency is obtained as the normalized magnitude of the Fourier 
transform of the LSF [95] as shown in figures 3.15, right and 3.17, right for the 100 ×/0.9 NA 
and 20 ×/0.5 NA optical objectives, respectively. 
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Figure  3.15: CLSM reflection image of a slanted edge. The 100×/0.9 NA objective and 458 nm laser 
line were used. The pinhole was opened to 1 Airy unit. The data were taken along the white line. 
  
Figure  3.16: The spatial resolution of the 100 ×/0.9 NA objective (FWHM) (left) and the magnitude of 
its modulation transfer function (right). 
 
 
Figure  3.17: CLSM reflection image of a slanted edge. The 20×/0.5 NA objective and 458 nm laser 
line were used. The pinhole was opened to 1 Airy unit. The data were taken along the white line. 
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Figure  3.18: The spatial resolution of the 20 ×/0.5 NA objective (FWHM), (left) and the magnitude of 
its modulation transfer function (right). 
Parameter 100× Objective 20×Objective 
Numerical aperture 0.9 0.5 
Nominal spatial 
resolution 0.254 µm 0.458 µm 
Experimentally 
determined spatial 
resolution 
0.262 ± 0.004 µm 0.504 ± 0.007 µm 
Table 3.2 Properties of the optical objectives used for imaging the acoustic lenses. 
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4. Polar representation of the acoustic signal as a method for 
data analysis 
A method for extracting the acoustic and thus the mechanical properties from the acoustic 
micrographs of the imaged samples, utilizing magnitude and phase data represented in a polar 
graph, was introduced by Hillmann et al. [47]. They also developed algorithm and computer 
software for calculation of the complex valued acoustic signal signature of a thin layer on a 
substrate. In this part the polar graph of the experimental data is fitted with the numerically 
calculated, theoretical complex ultrasonic signal in dependence on the variation of the 
thickness of the sample or the V(d). The method is applied to obtain the micromechanical 
properties of the versatile co-polymer “chitosan” sampled as a thin layer on glass substrate 
[96] and to delineate its topography with ultra-high resolution [97]. Treating the experiments 
with chitosan as the procedure validity checking, the method is then employed to study the 
acoustic and thus mechanical properties of red blood cells of different age groups as will be 
discussed in the following sections. 
4.1. Modeling of the complex response function 
Let us consider an elastically isotropic, homogenous sample of smoothly varying 
thickness deposited on a solid isotropic substrate imaged with PSAM with the substrate 
located in the focal plane of the lens, as shown in figure 2.1. The complex output signal V 
decreases gradually with the increase of the sample thickness in a manner similar to the 
dependence of the complex output voltage on the acoustic lens defocusing distance V(z) when 
the lens approaches the sample. The dependence of the response output signal on the layer 
thickness V(d), (adapted from [98], [81]) can be expressed as: 
 
 
4.1 
where P2 (r / f0) is the rotationally symmetric pupil function of the acoustic lens, k is the wave 
vector length in the coupling fluid and R (r / f0, d) is the reflection coefficient. The reflection 
coefficient is complex valued and includes reflections from the sample, from the substrate, 
and the phase delay between them as a function of r and f0 with f0 being the focal distance of 
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the lens and (r / f0) is the tangent of the incidence angle θ as shown in figure 4.2. The 
elements of equation 4.1 are calculated separately and then plugged into the equation. The 
resulting theoretical complex response function V(d) represented in polar coordinates with the 
phase as the angular part and the magnitude as the radial part is used to fit the experimental 
data that are extracted from the magnitude and phase images and plotted in polar coordinates. 
 
 
Figure  4.1: Schematic representation of some acoustic waves reflected from the top and bottom of a 
soft sample with varying thickness. L and T denote longitudinal and transversal modes in the solid 
substrate respectively. 
The calculation of V(d) (equation 4.1), for a known parameters of the acoustic lens 
employed, requires modeling the pupil function of the acoustic lens, the calculation of the 
refraction at the lens surface and the calculation of the reflection coefficient R(θ,d). The 
calculation of R(θ,d) in turn requires knowing the density and the acoustic properties 
(velocity of propagation and attenuation of sound) of the substrate, the layered sample, and 
that of the coupling fluid. Typically the properties of the lens, the substrate and those of the 
coupling fluid are known and the properties of the sample are targeted. A custom designed 
software is used to calculate the V(d) and plot it in polar coordinate to fit the experimental 
data. The parameters of the sample are obtained by trying different parameters until 
optimizing the fit of the modeled V(d) to the experimental data. 
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Figure  4.2: Schematic of a focusing acoustic lens. F is the focal point, f0 is the focal distance, θ is the 
incidence angle of a ray in the coupling medium to the lens axis and r is the distance from the lens 
surface to the axis. 
4.1.1. Refraction at the surface of the lens 
The refraction of the ultrasonic waves at the interface between the material of the lens 
(sapphire) and the coupling medium can be studied with reference to figure 4.3, which 
represents refraction in an interface between two isotropic media (in this model effects of the 
sapphire crystal anisotropy are neglected). The relation between the angle of incidence ε and 
angle of refraction ε1 is described by Snell’s law: 11  sin k sin k εε = , where, ε is the angle of 
incidence, ε1 is the angle of refraction, k and k1 are the moduli of the respective wave vectors. 
 
Figure  4.3: Refraction of sound from isotropic medium of wave vector k into an isotropic medium 
with a wave vector k1. 
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The complete set of waves in the two isotropic half spaces is: 
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where ψ׳, ψ״ and ψ1״ are the amplitudes of the reflected, the incident and the transmitted 
longitudinal wave, respectively.  
The harmonic time dependence is left out for the rest of this discussion for simplification, 
more details can be found in [99]. Acoustic waves are assumed to suffer neither attenuation 
nor mode conversion in sapphire but are attenuated during propagation in the coupling fluid. 
The acoustic waves in the coupling medium will then be inhomogeneous with a complex 
propagation factor and consequently the angle of refraction will be complex, which means that 
the constant-phase plane will depart from the constant-amplitude plane [99]. Snell’s law can 
therefore, be expressed as: 
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where, ε is the angle of incidence, ε1 is the angle of refraction in water, vc and vs are the 
velocity of the ultrasonic wave in sapphire and in water respectively, αc is the attenuation 
coefficient during transmission in the coupling fluid, υ is the operational ultrasonic frequency 
and ω is the angular frequency.  
The transmission through the spherical surface of the lens described by a pupil function P2 
(r / f0) is assumed to be of Gaussian distribution and takes into account the non-uniform 
excitation of the transducer and any aberration effects such that: 
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where αc is the attenuation coefficient of the coupling fluid, r is the distance from the lens 
surface to the axis and ( )max1max θ sinrr =  with rl being the radius of curvature of the acoustic 
lens and f0 is the focal distance as illustrated in figure 4.2. It is obvious from equation 4.6, that 
this function yields (1/e) when the distance between the axis and the edge of the lens is 
maximum and 1 when this distance is zero. The exponential factor (




 +− 220 zrf α-
e ) describes 
the damping for waves traversing longer path in the water relative to those having longer path 
in the lens material. In modeling, the presence of index matching layer on the spherical 
surface of the transducer is neglected. 
4.1.2. Calculation of the reflection coefficient 
The contributions to the observed signal from all reflections of the ultrasonic waves in a 
soft sample, which can be modeled as a liquid, are illustrated in a schematic diagram in 
figure 4.4. Only relatively weak reflections occur at the interface between the sample and the 
coupling fluid, since the acoustic impedance of the sample is close to that of the coupling 
fluid. Most of the ultrasonic power is thus transmitted through the sample and reflected back 
from the substrate, where strong reflection occurs due to the large mismatch between the 
acoustic impedances of glass and the adhered layer [39], [18], [100]. On the way back to the 
acoustic objective only a relatively weak reflection occurs at the interface between the sample 
and the coupling fluid. The ensuing round trips in the samples contribute additionally to the 
observed signal. The V(d) is calculated for a wedge sample to assure slowly varying thickness. 
The sample is approximated as a locally plane-parallel since the velocity of propagation of 
sound in the sample is comparable to the velocity of propagation in the coupling fluid, which 
leads to weak refraction [18] and the studied samples have a very narrow wedge angle (less 
than 1 degree). 
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Figure  4.4: Schematic of rays that contribute to the acoustic image formation. 1 relates to the 
coupling fluid, 2 to the sample and 3 to the glass substrate. L and T denote longitudinal and 
transverse polarized acoustic waves in the glass substrate. θ is the angle of incidence. 
The reflection coefficient is calculated by superposing all consecutive multiple reflected 
complex amplitudes, with the account of the advance in phase in the sample. The summed 
series is built from the reflections from the top of the sample and multiple contributions from 
the transmission through the surface of the layered sample, reflection from the sample-
substrate interface and refraction back into the coupling fluid [99]. The inhomogeneity of 
waves in the absorbing sample (real part of the propagation factor (k) being not parallel to the 
imaginary part) has been neglected. Under these assumptions, the reflection coefficient can be 
written in the form: 
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where r12 is the first order reflection at the interface between the coupling fluid and the 
sample. r23 is the reflection at the interface between the sample and the substrate and d is the 
local thickness of the sample. w (θ) is the transmission coefficient for rays incident from the 
coupling fluid into sample-coupling fluid interface and w~ (θ) is the transmission coefficient 
for rays incident from the sample into the coupling fluid.  
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The reflection coefficient of the layered sample is summed up as: 
53 
 
 
( ) ( ) ( )( ) ( )( ) ( ) d2ik123112
d2ik
123
2
12
12 2n
2n
e θr θr1
e θr θr1
θrdθ,R
+
−
+=
 
            4.8 
4.1.2.1. Reflection and transmission at the interface between the coupling 
fluid and the sample 
The sample under study is considered as a soft solid, so that it has acoustic properties 
close to those of liquids. The reflection and refraction at the interface between the 
transmission medium and the sample are described with reference to figure 4.3. The set of 
equations used in sub-section 4.1.1 for sapphire-water refraction holds here as well, with k 
and θ refer to the propagation factor and angle of incidence in the coupling fluid, k1 and θ1 
refer to the propagation factor and the angle of refraction in the sample, respectively. The 
plane of incidence of the waves is coincident with the x-z plane, therefore: 
 
θ sin kk x = , 0k y = , θ cos kk z −=  
 
where θ is the angle of incidence of the wave, made by the normal to the wave front and the z 
axis. The reflection and transmission coefficients are calculated from the boundary conditions 
(the incident and the reflected waves have the same propagation conditions at the boundary) 
and applying displacement and pressure continuities [99] leads to the reflection (r12) and 
transmission w  coefficients [101]: 
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and the transmission coefficient W: 
 
cosθk
cosθk
ρ
ρ
2W
11
c
samp
+







=
 
    4.10 
54 
 
4.1.2.2. Reflection at the interface between the sample and the substrate 
The coefficient of reflection from the interface between sample and substrate is influenced 
by the possible mode conversion of longitudinal waves in the sample into transverse waves or 
vice versa in the solid. Assuming a non-absorbing substrate, the reflection coefficient (r23) of 
the reflection from the substrate-sample interface is calculated as [67]: 
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where, 
L
Lsub
L
θ cos
vρZ = , 
T
Tsub
T
θ cos 
vρZ = and are the impedances of the longitudinal and transverse 
waves in the solid substrate, respectively and 
θ cos 
v ρ
Z sampsampsamp = is the impedance of the 
longitudinal wave in the sample, vL and vT are the velocity of the longitudinal and transversal 
waves in the solid substrate and ρsub is the density of the substrate. θL and θT are the angle of 
refraction of the longitudinal and transverse acoustic waves in the solid substrate, respectively. 
The parameters calculated in equations 4.9, 4.10 and 4.11 are substituted in equation 4.8 
to obtain the reflection coefficient. The reflection coefficient as obtained from equation 4.8 
and the pupil function as calculated in 4.6 are plugged into equation 4.1, resulting in the 
theoretical complex response function V(d) that is utilized to fit the measured PSAM data.  
The fixed input parameters for the modeling of V(d), the properties of the coupling fluid, 
and the substrate are obtained from the literature. In order to determine the parameters of the 
sample, the model calculations performed by the custom designed software is operated 
recursively with continuously upgraded parameters to calculates the V(d) iteratively until an 
optimum fit to the experimental data is obtained. By this procedure the velocity and 
attenuation (which includes extinction by incoherent and coherent scattering as well as 
dissipative processes) of sound travelling in the sample and the density of the sample are 
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determined. The calculation of the complex response function V(d) requires that the variation 
in the thickness of the sample to be smooth to assure local dependence on the thickness§ [70] 
4.2. Complex response function modeled for exemplified 
conditions 
Some explanatory conditions for the different cases of the reflection were simulated 
assuming vertical plane wave incidence to calibrate and explain the method. The different 
cases were simulated by inserting in the software the acoustic parameters for each case. These 
are: density ρsamp, velocity vsamp, attenuation αsamp of longitudinal wave in the sample and the 
maximum thickness of the sample dmax. The coupling fluid is considered to be distilled water. 
The velocity of propagation and attenuation of 1.2 GHz ultrasound in distilled water are vc= 
1489.00 m/s and αc 0.033 /µm, respectively at room temperature [102]. 
If the measurement is carried out for glass substrate alone with water as coupling fluid, 
the reflected signal will result in only one vector with maximum magnitude and zero phase 
and is represented by a point at the top of the polar plot as shown in figure 4.5. This case 
represents the reflection from the surface of the glass surface. The amplitude and phase of the 
reflection coefficient for the soda-lime glass used as a substrate for the samples studied within 
the frame of this thesis as well as for lead other are provided in sub-section 4.3. 
                                           
 
§
 To extract the height of an object from a reflected signal, phase module principal values should be unwrapped to get rid 
of the 2 π discontinuities. If a non-planar reflecting surface has a smooth variation in the height, unwrapping can be 
performed by assuming that a phase factor ( )y)(x, d k 2iexp −  attaches to the reflected signal (local dependence of the 
phase on the height), where, d is the height (thickness) with respect to some reference level of the reflecting surface at 
position (x, y) and k is the wave vector of the ultrasound in the transmission medium. However, if the surface has steep 
inclination or has a step in the height of integral multiples of the quarter wavelength, the signal may vanish (due to 
reasons like interference). The phase will be indeterminate (has singularities or non-local dependence on the height). 
Simple unwrapping ceases be valid. The inversion of the signal to obtain the height of the surface must then be carried 
out. 
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Figure  4.5: Reflectivity at glass-water interface, the point at the top of the plot represents the 
magnitude and phase of the reflectivity of glass. The normalized magnitude of the reflected signal is 1 
and phase is 0°. This case is simulated by inserting in the software acoustic impedance of a sample 
identical to that of the coupling fluid (vsamp= vc, ρsamp= ρc, αsamp= 0, dmax= 1.2 µm). 
If the incident and the reflected ultrasound are attenuated, the overall signal decays 
radially gradually with the increasing sample thickness towards the center of the polar graph. 
This can best be explained for acoustic waves traversing different path lengths through an 
absorptive sample (which has acoustic impedance assumed to be identical to the acoustic 
impedance of the coupling fluid). Reflections of the different rays result in interferences 
manifested by rotations as depicted in figures 4.6 and 4.7. Attenuation increases with 
increased path lengths in the sample. 
If a sample of smoothly varying thickness is deposited on the substrate and reflection takes 
place only at the interface between the substrate and the sample that has a varying thickness, 
the magnitude of the reflected signal decreases gradually with the gradual increment of the 
thickness of the sample. The phase changes gradually with the change in path length in the 
sample due to variation in thickness (figure 4.8). The extinction of ultrasonic signal in 
traversing a layer of thickness (d), can be deduced by measuring the its intensity Id (power per 
unit area) relative to the initial one I0, such that [103]:  
 
α2d
0d eII −=
  
    4.12 
If only reflections from coupling fluid-sample interface (a case of no refraction) takes 
place, the reflected signal results in only one vector. The magnitude of the vector will suffer 
no attenuation other than the attenuation in the coupling fluid. The phase angle of the vector 
changes due to reflections from points of different path lengths at the sample surface. 
Figures 4.9, 4.10 and 4.11 show the different cases of reflections from the sample–coupling 
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fluid interface. This condition is simulated by the model software by giving the substrate the 
same acoustic impedance as that given to the sample. The magnitude in figures 4.8, 4.9 and 
4.10 are lower than that in figures 4.5 and 4.8 due to lower mismatch in the acoustic 
impedances but all of the polar graphs of the V(d) presented in section 4.2 for demonstration 
are normalized to 1. In figure 4.10, contrary to all of the other cases, the magnitude of the 
reflected signal increases with increased thickness of the sample, since reflection occurs at the 
surface of the sample and thus attenuation of the acoustic waves occurs only during 
propagation in the coupling fluid and the path length in the coupling fluid diminishes as the 
thickness increases. 
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Figure  4.6: Reflectivity at glass-water 
interface, the incident and reflected 
waves suffer attenuation during 
propagation in an absorptive sample 
that has acoustic impedance identical to 
the acoustic impedance of the coupling 
fluid, but ultrasound in the sample 
suffer more attenuation than in the 
coupling fluid. (vsamp= vc, ρsamp= ρc, 
αsamp= 10. αc, dmax= 1.2 µm). 
 
 
Figure  4.7: Same as in figure 4.6, but 
with maximum thickness of sample 
dmax= 3 µm). 
 
 
 
 
Figure  4.8: Reflectivity at-sample-substrate interface. The magnitude of the reflected signal is 
attenuated. The attenuation is increased gradually with the gradual increase in thickness. The phase 
of the reflected signal changes due to the variation in path lengths through the sample, which has a 
varying thickness. (vsamp= vc, ρsamp= ρc, αsamp = 20, dmax= 2 µm). 
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Figure  4.9: Reflectivity at water-sample 
interface when the magnitude of the 
reflected signal is not attenuated. The 
phase of the reflected signal varies due 
to reflection at different points at the 
surface, which correspond to different 
path lengths (vsamp=vsub, ρsamp= ρsub, 
αsamp= 0, dmax= 0.3 µm). 
 
 
Figure  4.10: Reflectivity at water-sample 
interface when the magnitude of the 
reflected signal is attenuated (the 
attenuation in the coupling fluid is three 
times than it is in figure 4.9). The phase 
of the reflected signal varies due to 
reflection at different points at the 
surface, which correspond to different 
path lengths. (vsamp=vsub, ρsamp=ρsub, 
αsamp= 3. αc, dmax= 0.3 µm). 
 
 
Figure  4.11: Reflectivity at water-sample interface. The magnitude of the reflected signal is not 
attenuated. The phase of the reflected signal changes due to reflection at different points at the 
surface. The thickness of the sample is 4 times than that in figure 4.8. (vsamp= vsub, ρsamp= ρsub, 
αsamp= 0, dmax= 1.2 µm). 
When there is, however, a mismatch between the acoustic impedance of the sample and 
that of the coupling fluid and the substrate, reflections take place at both interfaces (sample-
coupling and sample-substrate). The waves reflected from the bottom (substrate-sample 
interface) will interfere with those reflected from the top (interface between the coupling fluid 
and the sample) surface of the sample. The interferences are manifested by rotations as 
depicted in figure 4.12. Since the thickness of the layered sample is varying, this interference 
is similar to the interference produced in the Michelson interferometer and similar to the 
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interference that produces Newton’s rings§. The reflected signal may be presented in the 
complex plane as composed of two vectors or phasors as explained by the schematic 
representation in figure 4.13. One has a larger magnitude, which corresponds to reflection at 
the sample-substrate interface (a) and the second has a smaller magnitude and it corresponds 
to the reflection from the top surface of the sample (b) with the phase changing gradually with 
increasing local thickness in both cases. The superposition of those two is the resultant vector 
presented schematically in (c). The derivative of the phase on the layer thickness is usually 
bigger for the contribution reflected from the top of the surface. That is why the superposition 
looks composed of small loops (reflection from the top) occurring along slowly changing 
logarithmic spiral (reflection from the substrate). 
 
Figure  4.12: Reflectivity at water-sample and at sample-substrate interfaces. The rotations indicate 
interferences. (vsamp= 1700 ms-1, ρsamp= ρc, αsamp= 5. αc, dmax= 4 µm). 
 
                                           
 
§
 For a wedge shaped film interference produces fringes that follow a line of equal thickness, similar to that produced by 
Michelson interferometer and they are similar to Newton’s rings except the later are produced in air film between a 
convex surface and a plane glass surface [171]. More details are found in “Appendix 4.1” and “Appendix 4.2”. 
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Figure  4.13: Schematic representation of the vectors that result from the reflection of the ultrasonic 
waves in case of a sample of varying thickness with an acoustic impedance different from that of the 
coupling fluid and that of the substrate. The vector with large magnitude (a) corresponds to reflection 
from sample-glass substrate interface (as in figure 4.8), the vector with smaller magnitude (b) 
corresponds to reflection from coupling fluid-sample (as in figure 4.9) and the resultant shown in (c) 
result from the interferences of some of the reflections from the two interfaces (as in figure 4.12). The 
arrows to the right in each case show the direction of rotation of the phase. 
If the velocity of sound in the sample and in the coupling fluid is the same, with the only a 
difference in density, interferences result only because of variation in densities while path 
differences are the same for all thicknesses of the sample as depicted in figures 4.14 and 4.15. 
If the density of the sample and the density of the coupling fluid are the same with only a 
difference in the speed of propagation of sound, the resultant vector of the overall reflected 
signal will have phase and magnitude that vary with variations in the thickness (figure 4.16). 
 
Figure  4.14: Reflectivity at water-sample 
and at sample-substrate interfaces.. The 
phase and magnitude of the reflected 
signal are not affected by the thickness of 
the sample and interference is due to 
density difference between sample and 
coupling fluid.(vsamp= vc, ρsamp= 3g/cm3, 
αsamp= 0. dmax= 1.2 µm). 
 
 
Figure  4.15: Same as in figure 18 but 
with. dmax= 1.2 µm. 
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Figure  4.16: Reflectivity at water-sample and at sample-substrate interfaces. The 
thickness of the sample can be obtained directly for the adjusted acoustic parameters, 
since a phase change of pi corresponds to a thickness of one quarter of the longitudinal 
acoustic wavelength in the sample. (vsamp= 1700 ms-1, ρsamp= 1g/cm3, αsamp=0. 
dmax= 5 µm). 
Since a change in the thickness of the sample by one quarter of the wavelength of the 
longitudinal wave results in a phase change of pi, in reflection, the thickness of a sample with 
known acoustic properties (velocity of propagation and attenuation of sound in it) can be 
calculated (figure 4.16). When the difference in impedance between the coupling fluid and the 
sample is due to differences in both the speed of propagation and in the density, the 
interferences due to the variation in the thickness will be more pronounced as larger loops in 
the polar graph (figures 4.17 and 4.18). 
 
Figure  4.17: Reflectivity at water-sample and 
at sample-substrate interfaces. Interferences at 
different sample thicknesses are pronounced as 
circular rotations for sample density of 
1.2 g/cm3 with the density of the coupling fluid 
of 1 g/cm3. (vsamp= 1700 ms-1, αsamp= 0. 
dmax= 5 µm). 
 
Figure  4.18: Same as in figure 20 but with 
ρsamp= 1.2 g/cm3. 
 
 
When the velocity of propagation of sound in the sample is slower than the velocity of 
propagation in the coupling fluid, the phase rotates in an anti-clockwise direction 
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(figure 4.19). Conversely, the phase rotates in clockwise direction when the velocity of 
propagation of sound in the sample is faster than the speed of propagation in water 
(figure 4.20) and this is the case for the samples under considerations in this work. 
 
Figure  4.19: The velocity of the reflected 
acoustic longitudinal wave in the sample is 
slower than it is in water. (vsamp= 1400 ms-
1
, ρsamp= 1g/cm3, αsamp=0. dmax= 6 µm). 
 
 
Figure  4.20: The velocity of the 
reflected longitudinal wave in the 
sample is faster than it is in water. 
(vsamp= 1700 ms-1, ρsamp= 1g/cm3, 
αsamp=0. dmax= 6 µm). 
 
4.3. Reflectance function modeled for some common substrates 
The reflectance function (variation of the reflection coefficient with the incidence angle) 
of lead (which is often used to calibrate the pupil function of lenses because of its high 
impedance and low acoustic velocity [104]) and the reflectance of the glass, which was used 
as substrate in all of the experiments of the presented work were modeled using equation 4.11 
with the properties of the sample replaced with those of the coupling fluid (water). The 
acoustic parameters of lead and glass used in the calculations were obtained from the literature 
to be as listed in table 4.1. 
Material Density (g / cm3) Longitudinal wave 
velocity (m / s) 
Transversal 
wave 
velocity (m / s) 
Pb 11.40 2160 700 
Soda-lime glass 2.47 5371 3099 
Table 4.1 The parameters of the materials of the substrates used in the calculations [50], [105]. 
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The reflectance function simulated for lead is shown in figure 4.7. It is in agreement with 
that presented in previous studies [81]. Figure 4.9 shows the reflectance function at the 
interface of water and the soda-lime glass. The longitudinal wave critical angle of soda-lime 
glass is around θ =27°. 
 
Figure  4.21: Magnitude (left ordinate and black sketch) and phase (right scale and blue sketch) of the 
reflectance function of a lead-water interface (left graph) and of Soda-lime glass-water interface 
(right graph) as calculated by the model. 
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5. Acousto-mechanical properties of a chitosan film 
The procedure that involves the complex response function in dependence on the 
thickness of the sample V(d) presented as a polar graph to fit experimental data extracted from 
PSAM images is used in this chapter to obtain the acousto-mechanical properties of a chitosan 
film layered on glass substrate. The relatively straight forward case of the smoothly varying 
thickness chitosan film layered on glass substrate provided a suitable sample to validate the 
model while characterizing the biopolymer chitosan. 
5.1. Chitosan 
Chitosan ((1-4)-2 amino-2-deoxy-d-glucose) is a derivative of chitin, which is found in a 
wide range of natural sources (crustaceans, fungi, insects, annelids, molluscs, coelenterata 
amongst others) [32]. It is a co-polymer of N-acetyl-glucosamine and N-lucosamine units 
randomly or block distributed throughout the biopolymer chain depending on the processing 
method used to derive the biopolymer. When the number of N-acetyl-glucosamine units is 
higher than 50 %, the biopolymer is termed chitin. Conversely, when the number of N-
glucosamine units is lower than 50 %, the term chitosan is used. Chitosan has numerous 
advantageous properties. Among these properties are abundance, which makes chitosan a 
naturally regenerating resource, biodegradability and nontoxicity [33], which make it relevant 
for biological applications. These properties in addition to the ease of chemical modification 
made chitosan a versatile material. Modified forms of chitosan provide a diversity of 
biomaterials [106]. Biomedical uses of adapted forms of chitosan also involve applications as 
novel gastrointestinal (GI) drug and in gene delivery systems [107], wound dressings [108] 
and tissue engineering [109], [110].  
The study of the mechanical properties of chitosan was and still is of special interest 
[111]. The mechanical strength of chitosan film under the effect of the solvent and chitosan 
material concentration were studied [112], and the mechanical properties of films of chitosan 
were assessed by tensile tests [113]. In 2001 Lekka et al. [114] published the application of 
different approaches including acoustic microscopy for the study of the stiffness of chitosan 
solution in cell culture. The velocity of propagation of longitudinal polarized sound in 
chitosan thin films were studied using phase sensitive acoustic microscopy [35]. The method 
based on the observation of dependence of the of the output signal on the distance from the 
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focal plane V(z) was used. In the presented work, the V(d) method described in the preceding 
part is applied to obtain the acoustic-mechanical properties and the thickness of the chitosan 
film with ultrahigh resolution.  
5.2. Sample preparation  
Low molecular weight chitosan powder was obtained from Sigma Aldrich and used as 
delivered. A concentration of 1% w/v (10 g weight of powder per 1liter of solution) of 
chitosan powder was dissolved in 2 % w/v acetic acid solutions (20 g of acetic acid per 1liter 
of water) and stirred overnight. The solution was subsequently filtered and cast on a 
15 mm × 15 mm glass substrate by solution spreading. A drop of 10 µl was carefully spread 
onto the substrates. The spread solution was allowed to dry very slowly in an oven at 60°C for 
36 hours. The slow evaporation process extending over more than 24 hours minimizes film 
rupture.  
The glass slides used as substrates are soda-lime glass with a size of 76 mm × 26 mm 
(ISO Norm 8037/1; supplied by Carl Roth GmbH & Co. KG, Karlsruhe, Germany; Art. Nr. 
0656). The density and acoustic parameters of the glass substrates were determined in 
previous studies [105], [115]. 
5.3. Measurements 
A two dimensional PSAM images collected for a center frequency of 1.2 GHz of a thin 
layer of chitosan on glass was taken using distilled water as a coupling fluid. The acoustic lens 
was focused on the surface of the glass substrate. Typical acquisition times were about 40 s 
for an image composed of 512 × 512 pixels. The measurements were carried out at room 
temperature. Images were taken from several subareas of different samples. The subarea that 
showed a favorable distribution of the chitosan layer with some parts of the layer removed to 
demonstrate the imaging of respective steps was chosen for the here presented detailed 
analysis. 
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5.4.  Results and discussion  
Figure 5.1 shows the acoustic images in magnitude and phase contrast of a thin chitosan 
layer of varying thickness deposited on a soda-lime glass substrate§. Thickness dependent 
interference fringes are clearly identifiable in the images. It is worth to note that the position 
of fringes is different for magnitude and phase and each of them brings complementary 
information. To obtain complex values, the data taken from the identical pixels of both images 
along the two straight black lines and in a separate case from the area above the upper line 
were plotted in the polar graphs. These complex valued experimental data were fitted with the 
modeled complex V(d) as demonstrated in figures 5.2 and 5.3, respectively.  
 
Figure  5.1: Images in magnitude contrast (left, black representing zero signal) and phase contrast 
(right, full grey scale of the image representing 2π) of a chitosan layer of varying thickness on a glass 
substrate. Magnitude and phase data were taken along the horizontal black lines indicated in the 
image and are displayed in a polar representation in figure 4.25. 
                                           
 
§
 For zero correction and image processing, the reader is referred to “Appendix 5.1”. 
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Figure  5.2: Polar diagrams of the magnitude and phase of the reflected signal along the horizontal 
straight lines across the images indicated in figure 5.1 including experimental values (grey squares) 
and a optimized fit of the modeled data to the experimental data (black solid line) §. The diagram to 
the left corresponds to the bottom line in images of figure 5.1 and the right diagram corresponds to 
the upper one. Both of the spiral curves start at the top point, that corresponds to the reflection from 
the glass (or the layer thickness equal to zero), and evolve with the growing sample thickness d 
(compare with the illustrative case in figure 4.12 in chapter 4). 
 
Figure  5.3: Polar diagram representing magnitude and phase of the observed signal for the data 
taken from the area above the upper horizontal line in the figure 5.1 with experimental values (grey 
squares) and a fit to the experimental data (black solid line) 
The lines along which data were taken start on bare glass and cross into the chitosan layer. 
The glass substrate was used as a reference for a phase equal to zero and maximum magnitude 
normalized to 1. Therefore reflection from the bare substrate is represented in the polar graphs 
by a number of almost identically positioned points at the top of the plot, which corresponds 
to maximum magnitude and zero phases. The reflection from the layered chitosan sample is a 
resultant of reflections from the bottom of the chitosan sample (chitosan-glass interface), 
                                           
 
§See “Appendix 5.2”. 
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reflection at the top of the chitosan layer (water-chitosan interface) and multiple reflections 
within the chitosan layer. The major contribution to the overall reflected signal comes from 
the reflection from the bottom of the chitosan layer. A minor contribution comes from the 
reflection at the top of the layer and a very minor contribution from the multiple reflections. 
Acoustic waves are attenuated in traversing the chitosan layer (twice when incident and when 
reflected). Attenuation is thickness dependent (equation 4.12), therefore, the magnitude in the 
polar graphs in figures 5.2, 5.3 and 5.4 is reduced gradually with the increase in the thickness 
of the chitosan layer. The phase changes (relative to glass, which is regarded as zero) with the 
increase in the thickness. 
The interferences between the waves reflected at the two interfaces (chitosan-glass and 
water-chitosan) and multiple reflections within the layer is manifested in the polar graphs by 
the two rotations (loops), as identifiable where the polar graph reverses its direction and then 
continues towards the direction of increased thickness. 
The theoretical dependence of V(d) observed in the complex plane, for a specific layer 
material, coupling fluid and substrate, defines both magnitude and phase as parametric 
functions of the layer thickness d. Each of them is non-monotonic (figure 5.4) and the same 
magnitude or phase occurs for different d, so inversion of each of them separately is 
impossible. But values of V(d) in the complex plane are different for the variable d (besides of 
few discrete points of loop self crossing) and having complex V(d) one can determine the 
thickness d. 
The variation of the magnitude and phase of the reflected signal in dependence on the 
thickness is shown in figure 5.4. As can be seen in figure 5.4, left, the magnitude of the 
ultrasonic signal decreases with increasing thickness of the absorbing medium. However, local 
increases of the magnitude are observed for thicknesses at which constructive interferences 
occur. 
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Figure  5.4: The variation of the magnitude (left) and phase (right) of the reflected signal with the 
variation in the thickness of the reflecting sample. The local oscillations of both functions arises due 
to the interference effect and are visible in figure 5.1 as the respective interference fringes 
To determine the relative size of the part of the signal reflected from the top of the 
chitosan layer with respect to that reflected from the bottom (interface to substrate) the 
respective reflection coefficients have to be determined. The calculated magnitude and phase 
of the reflected signals derived from the reflection coefficient in dependence on the incidence 
angle for the top of the chitosan layer and for the bottom (chitosan-glass interface) are 
depicted in figure 5.5. The reflection from the bottom comprises about 70 % while reflection 
from the top of the sample comprises only about 25 % of the total reflected signal. 
 
Figure  5.5: Magnitude (black line and left ordinate) and phase (blue line and right ordinate) of the 
reflectance function for waves reflected from water-chitosan interface (left) and for waves reflected 
from chitosan-glass interface (right). 
To estimate the sensitivity of the presented technique let us consider as an example the 
reaction of the theoretical V(d) to small changes of the sound velocity. An insertion of a value 
of the velocity of propagation of ultrasound that differs by only 1 % of the value that gives the 
optimum results with respect to the experimentally observed dependencies (compare 
figure 5.6, left and 5.6, right). This indicates that here employed method yields a resolution of 
less than 1 % in determining the velocity of propagation which is better than the moderate 
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accuracy achieved by other methods so far [116]. Similarly the resolution in determining the 
density, attenuation and the thickness were determined to be about 3 %, 5% and 0.3% 
respectively. 
  
Figure  5.6: Left, the same data as in (figure 5.2, right) and a deviation from the best optimization due 
to insertion of a speed of sound that is 1% less than that obtained from the optimized fitting (right). 
 
5.4.1. Acousto-mechanical properties of the chitosan layer 
The optimized fit of the modeled V(d) to the experimental data (polar graphs in figures 5.2 
and 5.3) provides the velocity of propagation v and the attenuation coefficient α of sound in 
the chitosan layer as well as the thickness of the layer. The velocity is used to calculate the 
bulk modulus, which relates to (all-sided) uniform compression B utilizing equation 2.6. 
Under the simplifying assumption of a Newtonian fluid, the absorption coefficient can be 
related to viscosity, such that [117]: 
 2
3
ω
v ρ 2α
η =
 5.1 
where η is the viscosity, which equals the sum of bulk viscosity and four-thirds of the 
dynamic viscosity, α is the attenuation coefficient and ω is the angular frequency. The 
obtained results are listed in table 5.1. 
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Density 
(gm cm-3) 
Velocity 
of 
longitudinal 
wave (ms-1) 
Attenuation 
(Np µm-1) 
Maximum 
thickness 
(µm) 
Bulk 
modulus B 
(GPa) 
Viscosity 
η (Pas) 
Lines 1.24 ± 0.04 1660 ± 16 0.143 ± 0.007 1.450 ± 0.004 
3.42 ± 0.17 1.12 ± 0.13 
Area 1.24 ± 0.04 1675 ± 16 0.158 ± 0.008 1.500 ± 0.005 3.47 ± 0.18 
 
1.24 ± 0.14 
Table 5.2. The acousto-mechanical properties of the chitosan film as obtained from the fit. 
 
The acoustic properties (velocity of propagation and attenuation coefficient) of the 
acoustic waves obtained for the two lines (figure 5.1) are identical and close to those obtained 
for the data taken from the area of the images above the upper line. The obtained values of the 
velocity of the longitudinal ultrasonic waves for this specific density of chitosan comply well 
with that obtained for the same material by analysis involved modeling of the V(z) where the 
velocity of longitudinal wave was reported to be 1660 ± 30 [36]. 
5.4.1. Topographic Mapping 
The phase-sensitive acoustic microscope is an efficient tool for non-contact height 
profiling of the examined samples [118], [119]. Different approaches have been established 
for height profiling based on SAM. For instance, Liang et al. showed methods of height 
profiling by measuring the local surface wave velocity, which is proportional to the relative 
phase between the on-axis longitudinal wave reflection and off-axis Rayleigh path echo pulses 
[119]. They could also obtain the height profile by measuring the relative phase between the 
signal of the focused beam (which is proportional to the local height of the sample) and the 
signal of the ring beam that transmits through the flat edge of the acoustic lens, which is 
proportional to the average height of the surrounding region [78]. Some other previous studies 
on film thickness relied on V(z) method, for instance, thickness of films on an anisotropic 
substrate were determined by comparing the calculated reflectance function obtained by 
inverse Fourier transform of V(z) with the reflectance function obtained from the V(z) 
measured by an assumed point focus lens. From the reflectance function, the critical angles of 
surface acoustic waves were determined. They are directly related to the thickness [120]. 
It was demonstrated earlier that the technique of utilizing the complex response function 
in dependence on the thickness of the sample V(d) described in this work allows for 
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determination of the height profile of an isotropic, homogenous thin sample layered on a glass 
substrate with sub-Abbe resolution [97] Details of that work are presented below. 
For isotropic, homogenous thin films deposited on a glass substrate and imaged while the 
glass substrate is located in the focal distance of the lens, the reflected signal depends solely 
on the layer thickness. The polar graphs show that dependence since each point along the 
polar graph corresponds to a specific local thickness (figures 5.2 and 5.3). When the 
experimental data are fitted with the modeled V(d) at each point, the experimental and 
modeled data share the magnitude and phase and consequently share the local thickness, 
therefore, the thickness can inversely be determined from the V(d) as follows: 
The model determining V(d) simulates the reflection from a thin film that has a thickness 
varying from a minimum value dmin to a maximum value dmax in nz steps of thickness 
intervals ds such that: 
 
( )
1n
ddd
z
minmax
s
−
−
=
  
5.2 
The thickness corresponding to a calculated value of the complex reflection coefficient is 
ascribed to the nearest measured point in the polar plot such that the distance between the 
measured and calculated points, in the polar graph l  as calculated by equation 5.3 has a 
minimum. 
 
( ) ( )( ) ( )( )( ) ( )( ) ( )( )( )22 dV Imyx, M ImdV Reyx, M Redy,x, −+−=l
  
5.3 
Re(M (x,y)) and Im(M (x,y)) are the real and imaginary parts of the measured data, at the 
image position x,y, respectively and Re (V(d)) and Im (V(d)) are the coordinates of the real 
and imaginary parts of the modeled data, and l is the distance between each measured point 
and the fitting modeled point. The distance l  is calculated for all of the points and to each 
measured point is assigned the thickness of the best fitting (determined as outlined above) 
nearest modeled point  
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A problem will encounter the calculation of l in regions where there are crossing points (a 
point with higher thickness being on the top of a point with a lower thickness). To judge, 
which of the crossing or overlapping calculated points should be assigned to which measured 
point, following procedure is employed: Consider the measured points Am and Bm in the 
illustrative scheme represented in figure 5.7.  
 
Figure  5.7: Illustrative sketching for the determination of the thickness at the points of junctions 
where two or more points may overlap. The scattered black line resembles the measured points and 
the red connected line resembles the modeled data. The blue arrows show the direction of increased 
thickness. 
 
At the junction where, there is a crossing point, each of the measured points Am and Bm is 
close to both of the calculated points Ac and Bc. Am will relate either the thickness of Ac 
(0.6 µm) or the thickness of Bc (1.8 µm). From the direction of the track (the direction is 
towards increasing thickness in the wedge shaped sample, as indicated by the blue arrows), 
Am is of lower thickness than Bm and should be assigned the thickness of Ac (0.6 µm) and Bm 
should be assigned that of Bc (1.8 µm). For the point Am in figure 5.7, the difference (0.6-0.5) 
is lower than the difference (1.8-1.6), therefore Am has the thickness of Ac (0.6 µm). For the 
point Bm, the difference (1.8-1.6) is lower than the difference (1.8-0.6), therefore Bm has the 
thickness of Bc (1.6 µm). The described employed method is based on tracking and the 
assumption that variations are minimized for proper assignment. 
The calculated distance between the height assigned to the current point and that of the 
subsequent adjacent point provides the third dimension to extend l  into l′ such that: 
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5.4 
where, d is the thickness of the current modeled point, dl is the thickness of the preceding 
neighboring point and N is an empirical correction factor in the order of 1012/µm2 and is 
chosen such that the third term in equation 5.4 gains a weight comparable to the first two 
terms. In this way the calculated value with the smallest distance in x,y space and the smallest 
distance to the previously determined height is found. 
The height profile of the chitosan thin film determined utilizing this technique for the data 
used to plot the polar graph in figure 5.2, right, is shown in the figure 5.8 left. That may be 
compared to the thickness obtained by counting interference fringes [39] using the speed of 
sound in the film of 1660 m/s (figure 5.8, right)§. It is obvious that figure 5.8, left results in a 
continuous height profile, as the thickness is calculated by the model§ for all of the points 
along the horizontal line whereas, the height profile depicted in figure 5.8, right provides 
height calculated only for discrete points corresponding to the consecutive interference 
fringes. The model, thus allows mapping the height and consequently the morphology of the 
imaged sample. It should be kept in mind that the respective evaluation is based on the 
assumption of a valid model. Therefore it is not surprising that sub-Abbe resolution 
(resolution below the diffraction limit) concerning the determined height can be achieved. 
                                           
 
§
 See “Appendix 5.3”.  
 
§
 See “Appendix 5.4”. 
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Figure  5.8: Height profile of the chitosan as calculated by the model (left) and as calculated by 
counting the interference fringes (right). The height profile is taken along the upper horizontal line 
indicated in the images in figure 5.1. 
The height profile for the area above the upper line in figure 5.1 is obtained after 
optimizing the fit of the polar graph (figure 5.9) by applying a tiny phase correction that 
would be equivalent to the presence of a residual layer of 0.06 µm. For such an optimum fit, 
the height profile can be mapped to a resolution beyond the diffraction limit of optical 
confocal microscopy [97]. The grey scale mapping of the height as well as a waterfall 
representation for this part of the sample are depicted in figures 5.9 and 5.10. 
 
Figure  5.9: Optimum fitting of the data taken from the area above the upper line in the images in 
figure 5.1 obtained by applying a tiny phase correction that would be equivalent to the presence of a 
residual layer of 0.06 µm. 
 
Figure  5.10: Grey scale map representation of the height as calculated by the model for the area 
above the long line in the images of figure 5.1. 
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Figure  5.11: Waterfall representation of the height as calculated by the model for the area above the 
long line in the images of figure 5.1. 
 
The height profiles represented in figures 5.10 and 5.11 reveal that the chitosan layer 
thickness in the region of interest has an almost constant slope. The two local deviations, 
visible in figure 5.10 as two edges in the gray level, and in 5.11 as two horizontal valleys, 
occur in the thickness ranges related to the loops in the polar graph of the (figure 5.9). These 
deviations should be treated as artifacts related to the imperfection in the accuracy of the 
described modeling and respective algorithm employed for determining the thickness and it is 
treated as systematic error of that procedure. It is further discussed below. 
5.4.1.1. Systematic and statistical error in the thickness determination 
To account for the resolution the systematic and statistical errors in determining the height 
profile are studied. The systematic error in the determination of the layer thickness evidently 
occurs for the areas of the loops and was evaluated from the deviation of calculated height 
values from a fitted linear rise (figure 5.11) to be ± 33 nm as shown in figure 5.12, left. For 
parts of the line where the systematic error defined in this way vanishes, the deviations from 
optimum linear fit is attributed to statistical errors, which were about 2.6 nm for the data taken 
a long a line of about 0.2 µm (figure 5.12, right). The most favorable case represented by the 
statistical error relates to a resolution of only 0.03 of the wavelength of the imaging ultrasonic 
waves in the coupling fluid (water). The systematic error could further be reduced by 
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empirical corrections under the assumption of a steady slope, which is nevertheless not 
performed here. 
 
 
Figure  5.12: Estimation of the systematic and statistical error. 
 
  
Figure  5.13: Systematic (left) and statistical (right) errors estimation. 
79 
 
6. Age dependent acousto-mechanical properties of red blood 
cells 
Upon release into the blood stream, Red blood cells (RBCs) circulate in the blood stream 
for about 120 days [121], [122]. During this life span, progressive series of events take place 
in the cells until their removal from the circulation. Among these are a number of biochemical 
and biophysical changes, including an increase in cellular density [123], [124]. As the cell 
age, considerable alterations in the elastic properties also take place. These are manifested by 
increased rigidity and loss of deformability [124], [125], [126], [127] which are considered to 
facilitate, among other factors, the sequestration and the selective removal of senescent RBCs 
in an age dependent manner [128], [129], [130]. 
A number of methods have been used to study the ageing of red blood cells. Rheoscopy 
was used to investigate the differences in the visco-elastic properties of young and old red 
blood cells [131]; the variations in the morphology have been explored by electron 
microscopy [132], and the differences in the vibratory motion of the cellular membranes in 
young and old RBCs were studied by optical phase contrast microscopy [133]. Surface 
structure studies of young and old RBCs were also carried out with scanning force 
microscopy, but no significant differences were observed [134].  
SAM has also been employed in cell and tissue research. It was used to observe the 
infrastructural details of fixed and living cells [17], [135], [136]. Schenk et al. [42] exploited 
the magnitude contrast in SAM images to qualitatively describe the structural changes in 
RBCs under different conditions, including cells with different hemoglobin content. SAM has 
also been used to extract some quantitative information about the mechanical properties of 
biological cells and tissues using different approaches [18], [40], [39], [137], [48]. These have 
resulted in the determination of the velocity of sound, attenuation, and the topography of the 
examined cells.  
In this section, the complementary magnitude and phase information gained from the 
phase-sensitive acoustic microscope (PSAM) are utilized to investigate the structural and 
micro-elastic variations in red blood cells of different age groups by comparing their acoustic 
images quantitatively. These variations were quantified utilizing the complex response 
function in dependence on the sample thickness V(d) represented in polar graphs as described 
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in chapter 4 and applied in chapter 5 to characterize a chitosan thin film. An approach to 
determine the age of the individual cells of an age-mixed population of red blood cells 
collected from a healthy donor based on a survival function is also demonstrated. The age 
dependence of the monitored cell parameters including the mechanical density of the cells, 
velocity and attenuation of longitudinal polarized ultrasonic waves (at 1.2 GHz) in the cells 
are quantified. 
6.1. Preparation of samples 
6.1.1. Separation of red blood cells from blood sample 
Blood was collected from a healthy donor utilizing heparin as an anticoagulant. RBCs 
were separated by centrifugation at 3000 rpm for ten minutes at ambient temperature, 
followed by removal of plasma and buffy coat. The resulting erythrocytes were washed three 
times in HEPES buffered isotonic solution and diluted into a hematocrit of about 50 %. 
6.1.2. Fractionation of red blood cells into three age groups 
It has been experimentally proven that the density of human erythrocytes increases with 
age of the cells [138]. Those experiments were based on injecting a normal subject with a 
radioactive isotope, intravenously and then drawing blood samples at intervals. It was 
observed that young cohorts of radiolabeled human red blood cells (RBC) became 
progressively enriched in the more dense cell fractions as the cohorts aged [138]. It was also 
observed that the most dense cells were short-lived in circulation after reinfusion into the 
donor [139]. This increase in cellular density with age has been explained by a progressive 
loss of K+ ions and water with a concomitant reduction in cell volume [140], leaving heavier 
cells with a higher concentration of solutes. The increase of the mass density of RBCs has thus 
provided the basis upon which several density gradient procedures have been established 
enabling the fractionation of whole red blood cell population by mean density and 
consequently age [141]. Alternative methodologies for separation of red blood cells into 
different age groups based on separation by volume (counter flow centrifugation or 
elutriation) were proposed, but their validity is disputed as cells of various volumes did not 
differ in their in vivo survival [142]. A method based on the combination of counter flow 
centrifugation and Percoll density gradients was also reported [143]. Nevertheless, separation 
of red blood cells into different age groups depending on buoyant density remains the widely 
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used procedure and it is the method used in this study to fractionate RBCs into different age 
groups. 
Three fractions of RBCs with different densities and respective ages were prepared 
according to Rennie’s method [144] utilizing Percoll [145]. Three buffered solutions were 
prepared for this purpose: (a): HEPES buffered stock solution prepared as (2.66 mol / l NaCl, 
0.09 mol / l KCl, 0.2 mol / l HEPES), pH 7.4. (b): BSA (bovine serum albumin)-HEPES 
buffered solution prepared as: 5.263 % (w/v) BSA in water, then added to solution (a) in ratios 
of volumes 19:1 (pH 7.4). (c): BSA-Percoll-hepes buffered solution, prepared as: 
5.263 % (w/v) BSA in Percoll then added to solution (a) in ratios of volumes 19:1 (pH 7.4). 
Solutions b and c were mixed to form four solutions at final Percoll concentrations that 
correspond to the densities 1.075, 1083, 1.096, and 1.104 g/ml as measured by a density meter 
(DMA 48).  
A discontinuous density gradient was built by carefully layering 3 ml of each of the 
resulting final solutions on the top of each other in a centrifugation tube starting with the most 
dense (1.104 g/ml) at the bottom of the test tube and ending with the lightest (the solution with 
1.075 g/ml). A suspension of 0.5 ml red blood cells was then carefully layered on the top of 
the gradient. The tube was carefully placed in a centrifuge (Megafuge 1.0 R, Heraeus 
swinging bucket rotor). The separation was performed by centrifugation at 1100 × g for 5 
minutes at room temperature. The three fractions that were suspending at the interfaces of the 
discontinuous gradient, were carefully collected and washed three times in HEPES buffered 
solution at 4 C° to remove the Percoll. The cells of each fraction are considered to have mass 
densities in the range relating to the densities between the upper and lower layers of Percoll. 
Erythrocytes are known to undergo changes in their indices; mean corpuscular volume (MCV) 
and mean corpuscular hemoglobin concentration (MCHC) as they age [144]. These 
parameters were checked for the resulting fractions by flow cytometry using a COULTER® 
HmX hematology analyzer at the Division of Hematology and Oncology at the Faculty of 
Medicine of the University of Leipzig and are presented in table 6.1. 
Density (g/ml) MCV (fl/cell) MCHC (g/dl) MCH (pg/cell) Fraction (age) 
1.079 ± 0.005 86.7 ± 1.8 32.9 ± 0.7 28.5 ± 0.8 Young 
1.090 ± 0.009 86.0 ± 1.8 33.3 ± 0.7 28.7 ± 0.8 Middle-aged 
1.10 ± 0.01 83.2 ± 1.7 34.5 ± 0.7 28.7 ± 0.8 Old 
Table 5.1: RBC parameters for the different age groups 
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6.1.3. Sample preparation for the acoustic microscopy 
The fractionated as well as non-fractionated RBCs were smeared on glass slides with 
known acoustic parameters (table 4.1), left for 5 minutes to dry in air and then fixed with 
absolute methanol for 5 minutes [146]. 
6.2. Imaging by acoustic microscopy with vector contrast  
The three age populations of RBCs, youngest, intermediate and oldest as well as a sample 
of unfractionated cells (mixed ages) were imaged separately at room temperature within three 
hours after sample preparation. Three dimensional scanning providing stacks of images was 
performed, in order to select from the stack the optimum in-focus image for the post 
experimental analysis. Normal saline (0.9 % w/v of NaCl) was used as coupling fluid. The 
velocity of propagation of the longitudinal acoustic waves in the saline fluid at temperature of 
22 C° was taken as 1507 ms-1 [147] and the attenuation coefficient was calculated to be 
0.035 Npµm-1 [148]. The typical acquisition time for an image composed of 512 × 512 pixels 
was 40 s. 
6.2.1. Interpretation of the acoustic images 
The acoustic images in magnitude and phase contrast of the population containing cells of 
all ages of red blood cells extracted from a fresh blood sample (as described in the section: 
Preparation of samples) are depicted in figure 6.1.  
 
 
Figure  6.1: PSAM images of red blood cells on a microscope slide in magnitude (left; black relating to 
zero magnitude) and phase (right; full grey scale relating to 2π) contrast. 
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The individual cells display different contrast in the acoustic images despite being from 
the same blood sample. In the image with magnitude contrast (left in figure 6.1), the bare glass 
substrate is brighter than the cells and reduced reflected magnitudes are observed for 
individual cells with significant variations. In the image with phase contrast, the glass 
substrate is dark and the brighter signals relate to phase shifts as observed for earlier arrival. 
The full grey scale in the image with phase-contrast represents a range of 2π (or 360°), which 
relates to a delay range of 833 ps. Similar as for the magnitude, a difference is noted in the 
phase contrast of the individual cells.  
Typically, the magnitude contrast in the respective acoustic images is related to changes 
in the acoustic impedance (a product of the density and velocity of longitudinal sound in the 
sample) and to the extinction [17], [18], [136]. Non-local response, as caused by interferences, 
can also contribute to the magnitude contrast [70].  
A set of experiments was performed on three fresh samples of red blood cells separated 
according to density and hence age (as described in the section: Preparation of samples. The 
images with magnitude and phase contrasts of the three different age populations are 
presented in figure 6.2.  
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Figure  6.2: PSAM images in magnitude (left) and phase (right) contrast of red blood cells 
fractionated according to mass density and consequently age into 3 groups young (top), middle-aged 
(middle) and old (bottom) according to table 6.1. The numbers indicate individual cells which will be 
used for demonstration of the quantitative results and the lines indicate paths along which phase 
profiles were calculated. 
 
It is evident that, unlike in figure 6.1, the contrast of the individual cells in each age group 
in figure 6.2 is almost homogeneous within each group. However, there are distinct variations 
in the magnitude and phase contrast of the cells between the different groups.  
Figure 6.2 clearly indicates a qualitative difference between cells from the different age 
groups. While the images in magnitude contrast show increased brightness as the cells age, the 
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phase images can be exploited to study the topography of the cells. The line profiles along the 
cells in the phase contrast images exhibit the changes in the shape that accompany ageing. 
This is demonstrated in figures 6.3, 6.4 and 6.5, by the profiles taken across the cells in the 
phase images as indicated by the horizontal lines that cross the cells in each group.  
 
Figure  6.3: Phase profiles of the line scans taken across the cells of the youngest group as shown in 
the phase images in figure 6.2, top. The biconcavity is very pronounced. 
 
 
Figure  6.4: Phase profiles of the line scans taken across the cells of the intermediate- age group as 
shown in the phase images in figure 6.2, middle. The biconcavity is less pronounced than in the case 
of the cells of the youngest group. 
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Figure  6.5: Phase profiles for the line scans taken across the cells of the oldest group shown in the 
phase images in figure 6.2, bottom. The biconcavity is fully absent. Here as well as in figures 6.3 and 
6.4, the phase is referenced to the reflection from the glass substrate. 
The profiles indicate a gradual to complete loss of bi-concavity as the cells advance in 
age. This change in the biconcavity has previously been explained by a decrease of the surface 
area [149]. It has also been related to changes in the mechanical state of the red blood cell 
membranes [150].  
6.2.2. Quantitative analysis of the acoustic images 
In order to extract the quantitative information present in the PSAM images in magnitude 
and phase contrast, the modeled acoustic response signal V(d) (section 4. 7) was used. For this 
purpose, experimental magnitude and phase data obtained for individual cells from each group 
was extracted from horizontal lines in the images along an area on the surface of the cells with 
smoothly varying thickness d. In addition, a neighboring area on the glass substrate was used 
as a reference for a phase equal to zero and magnitude normalized to 1. The margins of the 
cells, where, due to the steep descent, nonlocal responses accompanied by abrupt changes in 
the phase can be present [70] were avoided. 
The modeled acoustic response signal V(d) was used to determine the velocity and 
attenuation of acoustic waves traveling in the cells as well as the density of the cells by 
selecting the parameters of an optimum fit to the experimental data [47], [96]. For this 
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evaluation, the density in each age group of RBCs was assumed to be equal to the respective 
mean density resulting from Percoll density gradient centrifugation as given in table 6.1. 
The polar graphs of the experimental data (grey squares) for the cells marked with 
numbers in the images in figure 6.2 with the optimum fit (continuous black lines) are depicted 
in figures 6.7, 6.8 and 6.9, which correspond to the cells from the youngest, mid-aged and 
oldest groups, respectively. 
 
Figure  6.6: Polar plots of measured data (grey squares) taken from RBCs of the youngest group 
shown in figure 6.2, top and the optimum fits obtained by selection of respective parameters for the 
model (continuous black lines). The polar graphs show a signature characteristic for each cell where 
the parameters for optimum fit provide the velocity and the attenuation of acoustic waves travelling 
in the red blood cells. 
 
Figure  6.7: Polar plots of measured data (grey squares) taken from RBCs of the intermediate-age 
group shown in figure 6.2, (middle) and the optimum fits obtained by selection of respective 
parameters for the model (continuous black lines). The polar graphs show a signature characteristic 
for each cell where the parameters for optimum fit provide the velocity and the attenuation of 
acoustic waves travelling in the red blood cells. 
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Figure  6.8: Polar plots of measured data (grey squares) taken from RBCs of the oldest group shown 
in figure 6.2, (bottom) and the optimum fits obtained by selection of respective parameters for the 
developed model (continuous black lines). The polar graphs show a signature characteristic for each 
cell where the parameters for optimum fit provide the velocity and the attenuation of acoustic waves 
travelling in the red blood cells. 
Distinct differences can be observed in the polar graphs of the cells from the different age 
groups, indicating considerable variations in the reflectivity and hence differences in the 
acoustic impedance and the compressibility [15], [151] between the age groups. It is also 
important to note that minor variations, which relate to small changes in the properties of the 
individual cells within each of the groups, are also observable. This is indicative of the 
applicability of the technique in single-cell studies as well as for the purpose of group studies 
as required for this work.  
Some of the properties relating to the cells in figure 6.2, obtained with the aid of modeling 
and respectively the optimized fits are displayed in table 6.2. These include the mean values 
for the velocity of the longitudinal polarized acoustic waves travelling in the cells of each 
group and the respective mean attenuation coefficients obtained directly from the fitting of the 
model. The acoustic impedance for normal incidence was calculated as a product of the 
velocity of sound in each group and the corresponding density; while the bulk modulus of 
elasticity B was calculated for each group using equation 2.6. The cells were treated as a 
visco-elastic fluid including a quasi-solid matrix filled with a Newtonian fluid [152], [153]. 
The observed mean grey level values for the cells were determined by image processing with 
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automated selection of the suitable cell area and appropriate averaging over the inner part of 
the cells normalized to the maximum brightness of the glass substrate §. The average mean 
grey value increases as age progresses. For better illustration, the velocity and attenuation of 
ultrasound in the cells of the different age groups, the mean density and the mean grey value 
are depicted as a graph (figure 6.10).  
RBCs age 
groups 
ρ 
(g cm-3) 
Mean grey 
value 
v  
(m s-1) 
α 
(Np µm-1) 
Z 
(MPa s m-1) 
B  
(GPa) 
Young 1.079 
± 0.005 0.63 ± 0.04 1681 ± 16 
0.153 
± 0.008 1.81 ± 0.03 3.04 ± 0.10 
Middle-aged 1.090 
± 0.009 0.67 ± 0.02 1734 ± 17 
0.498 
± 0.024 1.89 ± 0.03 3.27 ± 0.12 
Old 1.10 ± 0.01 0.76 ± 0.06 1986 ± 20 0.205 
± 0.010 2.18 ± 0.06 4.34 ± 0.24 
Table 6.2: The acousto-mechanical properties obtained from the PSAM data analysis for the three 
RBC age groups. 
 
 
Figure  6.9: The acousto-mechanical properties obtained from the PSAM data analysis for the three 
RBC age groups normalized to the maximum value of each property (ρ: 1.10 g cm-3, v: 1986 ms-1 α: 
0.498 Npµm-1, and mean grey values: 0.76). The relative uncertainties are below 1%, 1%, 5% and 
7%, respectively.  
It is observed that the average velocity of the acoustic waves in the cells increases with 
the density and thus with age. This leads to increased acoustic impedance in the older cells, 
                                           
 
§
 See “Appendix 6.1”. 
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which explains the substantial variations in the contrast of the different cells in figure 6.2. This 
is also evident from the mean grey values obtained from the cells in figure 6.2. The 
attenuation coefficient, however, does not follow this trend, with its highest value obtained in 
the middle-aged cells. The derived bulk modulus shows an increase as the cells age.  
The results obtained for the different properties are in relatively good agreement with 
those previously obtained by other methods. Despite the distinct difference in the values for 
the average velocity of acoustic waves in the RBCs from the different age groups, these 
velocities still fall within the range of those determined in another study using acoustic 
spectroscopy [154]. The values of the bulk modulus of elasticity reflect the decrease in the 
elasticity observed here for the compressibility of the cells with increasing density. The 
obtained result of 3.27 ± 0.12 GPa compares well with those presented by A. Pierce [155] for 
a typical red blood cell of density of 1.09 g/ml, who evaluated the theoretical bulk modulus at 
about 3 GPa. The direct relation between the calculated bulk modulus and the density 
(equation 2.7) explains the increase in the values from the younger to the older cells. This 
increase in the rigidity of cellular membranes in aged red blood cells has also been reported in 
previous studies [125], [156]. It has been related, amongst others interpretations, to the loss of 
water induced by Ca2+, known to accumulate with cell ageing [126],[157],[158]. It has also 
been linked to the changes that take place in the structure of the underlying cytoskeleton of the 
red blood cells for increasing age [159],[160]. The cytoskeletal proteins have furthermore 
been shown to undergo cross-linking as the cells age [161], [162] and it was generally agreed 
that cross-linking increases stiffness (decreased elasticity) [163],[164].  
The incoherence observed for the mean attenuation coefficient as the cells age, showing 
maximum values in the middle-age group, can be explained, if the factors which play a role in 
the attenuation are considered in details. The attenuation in soft samples is dominated by the 
absorption [165], which is attributed to frictional viscosity and a negligible contribution from 
thermal conduction for samples modeled as liquids [117]. Typically, attenuation increases 
with increased cellular hemoglobin concentration [42] and with cross-linking [166] in RBCs, 
which would favor an increase in attenuation with advanced age. However, the attenuation of 
ultrasonic waves by hemoglobin has been shown to exhibit a pronounced increase in the 
presence of organic phosphates, namely 2,3-disphosphoglycerate, which, on the other hand, 
tend to diminish in older red blood cells to less than a third of the amount detected in younger 
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RBCs [167], [168]. Such factors may account for the observed values of the attenuation 
coefficient, which do not correlate monotonically with age.  
The extinction observed for the reflected signal in the magnitude images of the RBCs with 
magnitude contrast as demonstrated in figure 6.2 relates monotonically to age with an increase 
of observed magnitude with age. Based on this monotonic relation a model for the 
determination of the ages of all individual cells in a random sample of a sufficient number of 
RBCs of a healthy donor observed in a single image was developed.  
6.3. Determination of the age of individual red blood cells by 
assumed survival functions 
The batch of cells, taken from a single sample of a healthy donor, depicted in figure 6.1 
can be assumed to contain cells of all ages, which is justified for steady state conditions 
concerning cell generation and removal from the blood stream.  
To derive the actual age of each of the cells of the monitored assembly, a model based on 
the monotonic dependence of the contrast on age, as observed for the extinction in the images 
with magnitude contrast for age-selected cells (table 6.2), was employed. In a first step, the 
observed mean grey level values for the cells were determined by image processing with 
automated selection of the suitable cell area and appropriate averaging over the inner part of 
the cells1, excluding the margins of the cells. The values for each cell were subsequently 
sorted and indexed in ascending order as shown in figure 6.10. 
                                           
 
1
 See “Appendix 6.2”. 
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Figure  6.10: Cells in figure 5.1 sorted out according to their grey value (magnitude of observed 
acoustic signal) in an ascending order. 
The most simple age distribution model applied here for an initial determination of the 
age of the cells utilizes steady state conditions assuming that senescent red blood cells are 
removed from circulation at a certain age and none before (programmed cell death) [43] and 
that the total population of the red cells remains conserved since a daily replacement is 
ensured [122]. Under this condition, the age of any cell would be strictly proportional to the 
cell index. By the under the selected conditions valid assumption of an equal number of cells 
per age interval along the ordered cell collection, the age of any cell relate to its index by 
constant steps (∆s = Q
 
/ Ntotal), where Ntotal is the total number of cells and Q is the life span of 
the cells.. The result of this treatment is displayed in figure 6.11. 
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Figure  6.11: The normalized ages of the individual cells in figure 1, with one relating to maximum 
observed age in relation to their grey values. The ages were derived by assuming an equal number of 
cells per age interval along the ordered cell collection shown in figure 6.11. 
Furthermore, it is assumed that the decrease in the line slope observed at the age of about 
103 days indicates that different to the oversimplified assumption of equal life time Q
 
for all 
observed cells, the number of the cells per age interval diminishes already as the cells age. 
The respective distribution of expected lifetimes is modeled by assuming the increase in the 
age with the cell index to be ∆s = (Q/ Ntotal)(1 / Ntotal(s)), where N(s) is the age-dependent 
population distribution or survival function, resulting in the relation depicted in figure 6.12.  
 
Figure  6.12: The normalized ages of the individual cells in figure 6.1, in relation to their grey values. 
The ages were determined from the ordered cell collection shown in figure 6.10 under the assumption 
that the number of cells per age interval decreases with the advance in age. 
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The survival function was obtained from the refined function by applying equation 6.1. 
representing a well established model [122] with the normalized values of the ages s of the 
red blood cells and life spans τ: 
 τ)-β(se1
1N(s)
+
=
 
6.1 
β is an empirical term describing the dispersion of the life spans around a mean life 
expectancy Ntotal. For an assumed mean life expectancy of 120 days, selected in accordance 
with respective expectations taken from the literature [121], [122] and the adjustable 
parameter β of 0.05, a slow decline in the removal of the senescent cells is obtained as 
presented in figure 6.13  
 
Figure  6.13: The survival function normalized with respect to the mean life expectancy Xc derived 
from the corrected age function (figure 6.12) using equation 6.1. 
An image in age contrast was finally derived from the refined relation between the grey 
scale used for imaging in magnitude contrast and the respective age as given by a smooth fit to 
the curve in figure 6.12. The result is presented in figure 6.14., where the grey scale relates, as 
indicated in the bar, to age. The respective procedure is performed to illustrate that based on 
the exemplified modeling and an assumed age profile the age of individual cells can be 
derived and images can be presented in respective contrast. It remains to be demonstrated for 
the universal use of the here developed techniques, which age profiles represent reasonable 
expectations respectively which grey values obtained under calibrated conditions represent the 
actual age.  
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Figure  6.14: Image in age contrast derived from the relation between grey values and age of the cells 
as depicted in figure 6.12. The value 1 in the normalized age scale represents the mean life expectancy 
Ntotal. 
The density together with the velocity and attenuation of ultrasound at 1.2 GHz in the 
RBCs for the patch of cells displayed in figure 6.1 as employed for the above demonstrated 
age determination were obtained from fitting the polar plots of the data taken from the 
individual red blood cells. Figure 6.15 depicts the obtained properties of some of these cells in 
dependence on their age as obtained by utilizing the relation between the age and the observed 
magnitude (grey value) (figure 6.10). The sound velocity and the density of the cells both 
increase with advance in age, while the attenuation coefficient shows an irregular dependence 
on ageing as already observed for the three different age groups. The upper part of figure 6.15 
is depicted with an enlarged scale in figure 6.16. 
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Figure  6.15: Acoustio-mechanical properties of some of the cells in figure 5.1 normalized to the 
maximum value of each property (grey value: 141.072, ρ: 1.11 g/cm3, v: 2042 m/s and α: 
0.566 Np/µm). The relative uncertainties are below 1%, 1% and 5%, for density, velocity and 
attenuation of sound, respectively. 
 
 
Figure  6.16: The upper part of the graph (density of RBCs and velocity of sound in dependence on 
age). The relative uncertainties are below 1%. 
The outlined approach represents a calibration of the age related contrast based on healthy 
RBCs populations and can be used to determine the age distribution in blood samples 
including stored samples. This could represent a valuable tool for the analysis of the quality of 
blood samples including blood bags stored for future use in blood banks. Application of the 
method on viable cells using PSAM with the appropriate life support system for in-vitro study 
of the cells [24] is a prospective continuation of this work. 
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7. Conclusions and outlooks 
In this study, the phase sensitive acoustic microscope was used to investigate the bio-
polymer chitosan and red blood cells. The rich information contained in the acoustic 
micrographs could be interpreted and quantified by a method first introduced by Hillmann et 
al. in 1994 [47] and adapted by Ahmed Mohamed et al. to map a smoothly varying object with 
sub-Abbe resolution [97]. The method is based on expressing the acoustic complex signal in 
dependence on the thickness of the sample V(d) in a polar diagram, providing a concise 
presentation of the magnitude and phase relation and the respective information in a single 
graph. It allows for the extraction of the mechanical properties of soft thin samples with high 
accuracy as demonstrated for chitosan [96], outlined in detail in chapter 4. It was also 
demonstrated that this method can be used to map the thickness variations of a thin film from 
few nanometers up to about 1.5 wavelengths with sub-Abbe resolution, provided that the 
thickness variation is smooth. Chitosan is a diversity of products that vary depending on the 
raw materials and in the processing procedures. It has therefore to be noted that the obtained 
parameters of the chitosan are characteristic of the actual samples described in chapter 5.  
The developed and adapted method was furthermore exploited to extract the acousto-
mechanical parameters from acoustic micrographs of red blood cells. Additionally a 
systematic study based on phase sensitive acoustic microscopy of the ageing in human red 
blood cells was presented. The results show that the technique and the model presented enable 
the determination of a number of acoustic and micro-elastic properties of fixated RBCs from a 
single image. Striking differences in the contrast of the acoustic images for the different age 
groups as well as in the morphology of RBCs of the three different age groups were 
observable in the acoustic micrographs in magnitude and phase contrast. The data from these 
images were used to obtain a unique signature characteristic for an individual cell displayed in 
a polar graph, which was used to evaluate the velocity and attenuation of sound, the density 
and bulk modulus, amongst other properties. The results demonstrate a considerable increase 
in the velocity of ultrasound and in the elastic modulus of the RBCs as they age [46]. This 
technique does not only provide a way of probing cells from different age groups, but also 
enables the determination of the unique signature characteristic of individual cells in the same 
age group.  
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The observed dependence of the magnitude of the reflected acoustic signal on the age of 
the cells in combination with an assumed age distribution function allows the derivation of an 
age contrast for imaging. The validation of suitable age models and calibration of the age 
related contrast based on healthy populations of RBCs can be used to determine the age 
distribution in blood samples including stored samples without the need to label the cells with 
radionuclides. It can also be used to study different conditions that can provide an increase of 
the fraction of younger cells with respect to older ones in the blood of donors. The variety of 
evaluated properties in a single measurement makes the PSAM a time-effective tool, which is 
not only adequately suited for non-invasive cell ageing research but can also be applied to any 
other studies including cell health, like anemia for instance. 
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9. List of symbols and abbreviations  
Symbol or 
Abbreviation definition  
 
Units 
a 
Deviation of a deformed curvature  
from the perfect one µm 
Β Bulk modulus Pa, Kg m-1 s-2 
BSA Bovine serum albumin  
CLSM Confocal laser scanning microscopy  
d Local thickness of the sample µm 
dmin Minimum thickness of sample µm 
dds Thickness intervals µm 
D Acoustic lens aperture µm 
Ε Young’s modulus Pa, Kg m-1 s-2 
ETF Edge transfer function  
F0 Focal distance µm 
f(x, y) local reflectivity  
g(x, y) Optical path  
G Shear modulus Pa, Kg m-1 s-2 
HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulphonic acid  
h Plank’s constant 6.626068 × 10
-34
 J.s, 
m2 kg / s 
Id Intensity of ultrasound at thickness d W / m2 
I0 Initial intensity of ultrasound W / m2 
I(r) Intensity of wave field W / m2 
K Wave vector length of incident ultrasound wave  in the coupling fluid rad/µm 
K1 Wave vector length of the refracted ultrasonic wave 
  
rad/µm 
LSF Line spread function  
L Longitudinal acoustic wave in the substrate  
l Acoustic path length µm 
M Coefficient of merit  
MA 48 Densitometer  
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MCH Mean corpuscular hemoglobin pg/cell 
MCHC Mean corpuscular hemoglobin concentration g/dl 
MCV Mean corpuscular volume fl/cell 
MTF Modulation transfer function  
NA Numerical aperture  
nz Steps in thickness µm 
N Empirical correction factor µm-2 
n Refractive index  
Ntot Total number of cells  
P0 momentum Kg ms-1 
Pr Pressure amplitude at time t  
Pr0 Initial pressure amplitude  
Ρ Pupil function  
PSAM Phase-sensitive acoustic microscope  
PMT Photo multiplier tube  
PSF Point spread function  
Q Life span of the red blood cells days 
Rr Reflection coefficient  
Res Spatial resolution µm 
rpm Revolutions per minute  
RF Radio frequency Hz 
R Radius of curvature of an aberrated surface µm 
r Radial coordinate in the pupil plane µm 
r1,r2 Principal radii of curvature µm 
rl Radius of curvature of the acoustic lens µm 
RBCs Red blood cells  
r12 
Coefficient of reflection of waves incident  
from coupling fluid in to the sample  
r23 
 
Coefficient of reflection of waves incident 
 from the sample in to the substrate  
12r
~
 
Coefficient of reflection of waves incident  
from the sample in to the coupling fluid  
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SAM Scanning acoustic microscopy  
SEM Scanning electron microscopy  
SPM Scanning probe microscopy  
Tt Transmission coefficient  
TEM Transmission electron microscopy  
u Displacement of the particles of the medium µm 
V(x,y) complex output signal volts 
VR(x,y) Real part of the complex output signal volts 
VI(x,y) Imaginary part of the complex output signal  
V(d) Complex ultrasonic response signal in dependence on the thickness of the sample 
 on sample thickness 
volts 
V(z) Complex output signal in dependence on the defocus volts 
vR Velocity of Rayleigh waves ms-1 
vs Velocity of propagation of acoustic waves in sapphire ms-1 
vw Velocity of propagation of acoustic waves in water ms-1 
w/v Weight per volume g/L 
Wr Spherical aberrations µm 
Xc, Yc Coordinates of the calculated data  
Xm, Ym Coordinates of the measured data  
(xp,yp,zp) Coordinates of a point source  
Z Acoustic impedance Rayl, Pa s.m
-1
, 
kg / m2.s 
ZL 
Acoustic impedance of longitudinal acoustic waves 
 in the substrate 
Rayl, Pa s.m-1, 
kg / m2.s 
ZT 
Acoustic impedance of transverse acoustic waves 
 
 in the substrate 
Rayl, Pa s.m-1, 
kg / m2.s 
 
Zsample 
Acoustic impedance of the acoustic waves  
in the sample 
Rayl, Pa s.m-1, 
kg / m2.s 
α Attenuation coefficient µm-1, Np µm-1 
β 
Empirical term describing the dispersion of the life 
 spans around a mean life expectancy Ntotal  
ε Angle of incidence degree 
ε1 Angle of refraction degree 
δ Transversal spherical aberration µm 
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ηB Coefficient of bulk viscosity Pa.s 
θ0 Half opening angle of the acoustic lens degree 
ρc Density of the coupling fluid g/cm3 
ρsamp Density of the sample g/cm3 
τ Viscous relaxation time seconds 
ω Angular frequency rad/s 
∆x Uncertainty in determining the exact position  
∆p Uncertainty in determining the momentum  
∆s Equal steps between each two successive ages days 
ϑ 
 
Angle of emission of the photon degree 
Λ Traction Kg.m-1.s-2 
Ψ 
The sum of amplitudes of, the incident  
and the reflected longitudinal ultrasonic waves  
Ψ(r) Amplitude of wave field  
 Ψ1′′
 
The amplitudes of the transmitted 
 longitudinal ultrasonic wave  
Ψ ′
 
The amplitudes of the reflected  
longitudinal ultrasonic wave  
Ψ ′′
 
The amplitudes of the incident 
 longitudinal ultrasonic wave  
Ψ*(r) Complex conjugated amplitude  
Φ(x,y) Phase of the signal radians 
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10. Appendices  
Appendix 2.1. Antireflective (matching) layer 
Similar to the case of the interferential suppression of reflection of light incident from air 
(refractive index n1=1) to a thin layer of thickness d and refractive index n enclosed between 
air and a medium of refractive index n2. 
 
 
Figure App. 2.1: Reflection and transmission in case of a thin layer between air and a medium of refractive index 
higher than that of air. 
 
If the following two conditions: 
λ
4n
1
 d = , and 21nn n =  
are satisfied, the path difference between rays 1 and 2 will be ½ λ, resulting in destructive 
interference. Relation 2 gives equal intensities for both reflected rays. The resultant reflected 
intensity will be zero. Similarly, these conditions hold for acoustic waves with the specific 
impedances z1 and z2 instead of refractive indices n1 and n2. 
Appendix 5.1. Data correction procedures 
The measurement of the phase is highly sensitive to external disturbances like temperature 
fluctuations, cross talks and scanner vibrations. Before interpreting the coustic images they 
were corrected to get rid of the influence of these effects.  
Appendix 5.1.1. Zero offset correction 
The effect of zero off set is caused mostly by the inner reflections of the signal in the lenses 
and might drift due to temperature fluctuations or any other possible reason. To correct for the 
zero offset an image at large defocus is taken immediately after taking the images of the 
chitosan sample (figure App 4.1.1). By imaging at sufficiently large defocus (distance greater 
than the focal length with about many wavelengths of the acoustic wave in water at room 
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temperature), only spurious signal (reflections from the lens) is registered. The magnitude of 
the brightness of the resulting zero and ninety degree images were then subtracted from the 
zero and ninety degree images of the chitosan sample taken in focus.  
 
    
 
Figure App. 4.1.1: Magnitude (left) and phase (right) of the chitosan sample taken at large defocus to correct for 
the zero offset. 
Appendix 5.1.2. Removal of scanner artifacts  
Imperfections of scanning in both, the x and y axes cause that the z distance between the 
object and the lens varies during the scan. That is a repeatable systematic error that may be 
treated separately for each axis. The software “Image J” was used with some additional 
functions, which subtracts additional vibrations caused by the scanner. A vertical line across 
an area with bare glass was taken as a reference. All horizontal lines that are crossed by this 
line were corrected by subtracting deviations from a planar object in the image in phase 
contrast. The same is done for the vertical lines that are crossed by a horizontal line across an 
area representing bare glass. The original images of the chitosan before and after rectifying the 
scanner artifacts are shown in figures App. 5.1.2 and App. 5.1.3, respectively and the 
subtracted lines are shown in figure App. 5.1.4. 
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Figure App. 5.1.2: The phase contrast image of the chitosan thin film with the fast axis scanner artifacts (left) and 
its line profile (left bottom), the slower axis scanner artifacts (right) and its line profile (right bottom).  
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Figure App. 5.1.3: The phase contrast image of the chitosan thin film after correction of scanner artifacts (top). The 
resulting line profile in each case, the fast (left bottom) and the slow (right bottom) is a straight line.  
    
 
Figure App. 5.1.4: The subtracted fast axis scanner artifacts (left) and the slower axis scanner artifacts (right). 
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Appendix 5.2. Screen shot of the fitting software for the case of data taken along a 
line 
 
 
Figure App. 5.2 A screenshot of the fitting software which is a Fortran script with Lab view interface showing the 
fit (black line) in case of data taken along the upper line (red scattered line) in the images of figure 5.1. 
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Appendix 5.3. Conditions of interference on thin layer 
 
Interference of light or acoustic waves from thin film of varying thickness results in the 
formation of fringes of equal thickness. 
 
Figure App. 5.3: Interference of light or acoustic waves from thin film of varying thickness. 
 
The geometrical relations between the acoustic ray paths presented in the figure App. 5.3 are as 
follows: 
∆ = (AB+BC)n-AE=(BC+CD)n-BG=2ndcos θ1, where n is the refractive index of the film. For 
a monochromatic wave, of the wavelength λc and λsamp in the coupling fluid and in the sample 
respectively, the phase difference φ produced by the path difference ∆ is: 
φ = (2pi/λ) ∆= (2pi/λ) 2ndcosθ1. The resultant phase difference of rays 1 and 2 is 
φ = (2pi/λ) 2ndcos θ1-pi. For rays 1 and 2, constructive interference occurs when 2ndcosθ1 
= (m+1/2) λ and destructive interference occurs when 2ndcosθ1= m λ (d = m λ samp/ 2cosθ1). 
The opposite holds true for the transmitted rays, 3 and 4. 
Appendix 5.4. Multiple beam interference 
 
The sample thickness as calculated by the dependence of the complex function of the reflected 
signal on the local thickness can be compared with the determination of the thickness using a 
Fabry-Perot interferometer (etalon) 
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Figure App 5.4: Fabry-Perot interferometer. 
 
In figure App. 5.4, r is the amplitude reflection coefficient of the mirrors, where r2=R. The 
amplitude of the transmission coefficients at the interfaces are t and t´, where tt´=T. The 
amplitude of each successive beam emerging from the etalon decreases by a factor of r2=R and 
a phase shift of 4πd / cos θ. The total complex amplitude emerging from the etalon is given by 
the geometrical series  
θcos
λ
d4i
Re-1
TA






=
pi
. Similarly, the thickness of a transparent layer placed in the cavity of the 
etalon can be determined. 
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Appendix 6.1. Calculation of the mean grey value (brightness) of the RBCs for the 
comparison between the three age groups 
 
 
Figure App. 6.1 shows the areas within which the relative magnitude was calculated as 
described in section 
     
Figure App. 6.1: The three images in magnitude contrast of the three different age groups shown in figure 6.2. The 
mean brightness (grey scale) of the individual cells were calculated as the average brightness within the area of the 
cells (excluding the margins of the cells where a steep descent is expected) as indicated by the circles normalized 
to the maximum brightness of the adjacent areas of the glass (maximum brightness within the area of the large 
circles. 
Appendix 6.2. Calculation of the brightness of the RBCs in the sample of mixed-age 
cells 
 
 
 
Figure App. 6.2: The images in magnitude contrast of the sample of a whole population (figure. 6.1), the circle 
shows the areas on the cells from which data were taken for analysis. 
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